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PREFACE 


Working  Group  1 4  was  established  as  a  consequence  of  two  primary  issues  in  the  field  of  gas  turbine  engine 
technology.  The  first  is  the  trend  toward  lower  aspect  ratio,  more  heavily  loaded  blading.  The  second  is  the  increasing 
need  to  understand  the  effects  of  flow  non-uniformities  on  engine  performance  and  on  its  stability.  The  latter  statement 
reflects  the  growing  awareness  that  non-uniformities  tend  to  reduce  the  stall  margin  on  high  performance  engines.  This  is 
particularly  true  for  engine-airplane  combinations  that  expect  to  face  wide  operating  ranges  in  speed,  altitude  and 
attitudes.  The  objectives  and  scope  of  work  for  Working  Group  14  is  given  below. 

March  1978 
January  1979 
Spring  1982 

Numerous  investigations  have  been  made  into  how  to  average  properties  across  a  non-uniform  or 
unsteady  flow  so  as  to  characterize  it  for  the  purpose  of  one-dimensional  performance  analysis  of  gas 
turbine  powerplant. 

The  Working  Group  will  make  firm  recommendations  where  possible  as  to  the  best  techniques  to  adopt, 
and  will  identify  areas  in  which  more  research  is  needed  before  firm  recommendations  can  be  made. 

In  particular,  the  Working  Group  will: 

—  collect  and  review  existing  practice  or  proposals  for  averaging  non-uniform  and/or  unsteady  flows, 

—  identify  averaging  techniques  which  are  in  principle  correct  when  seeking  to  calculate  heat,  power, 
thrust  and  efficiency, 

—  quantify  where  applicable  the  uncertainty  levels  of  different  averaging  methods, 

—  recommend  methods  for  adoption  (these  methods  may  of  course  be  already  standard  practice), 

—  recommend  further  research  activities  needed  to  resolve  uncertainties  where  a  significant  effect  on 
performance  analysis  is  involved. 

It  is  planned  to  limit  participation  in  this  Working  Group  to  about  10  members  only.  This  Working 
Group  will  need  about  six  meetings.  Findings  and  recommendations  will  be  published  preferably  as  an 
Advisory  Report. 

The  Working  Group  was  made  up  of  the  following  people: 
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Scope  of  Work: 


The  following  organizations  provided  the  working  Group  with  information  relating  to  their  procedures: 

Arnold  Engineering  Development  Center,  USAF 
CEPr  —  Centre  d’Essais  des  Propulseurs 
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NASA  Lewis  Research  Center 
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Rocketdyne  Division  of  Rockwell  International,  Inc. 
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The  Advisory  Report  is  the  product  of  these  studies,  and  the  contributors  are  indicated  below: 


E. E.Covert 
H-W.Happel 
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J.Livesey 
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F. Wazelt 
S.Wehofer 


Chapter  2 
Section  3.1 
Section  4.3 
Section  4.1 
Sections  3.2  and  4.4 
Chapter  1 

Chapter  2  and  Section  4.2 


The  final  editing  was  accomplished  by  Professor  Wazelt  and  Mr  Pianko,  who  assumed  much  of  the  responsibility 
during  Professor  Wazelt’s  illness. 


Every  attempt  was  made  by  each  of  us  to  be  as  accurate  as  possible  in  interpreting  the  work  of  others  so  generously 
provided  for  us.  Further,  we  tried  to  ensure  proper  literature  and  report  citations.  It  is  likely  in  fact  that  we  have  not 
caught  all  the  errors  of  omission  or  commission.  Please,  accept  our  apologies  in  advance  if  you  were  misquoted  or  not 
cited.  Comments  would  be  welcome.  Please  send  them  to : 

Panel  Executive 

Propulsion  and  Energetics  Panel 

AGARD 

7  rue  Ancelle 

92200  Neuilly  sur  Seine 

France 


Eugene  E.  Covert,  Chairman 
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GENERAL  NOMENCLATURE 


A  Area 

Cj  Nozzle  discharge  or  flow  coefficient 

Cg  Nozzle  thrust  coefficient 

Cp  Specific  heat  at  constant  pressure 

Cv  Nozzle  velocity  coefficient 

Ec  Kinetic  energy 

FAR  Fuel  Air  Ratio 

Fq  Gross  thrust 

FHV  Fuel  Heating  Value  (or  calorific  value) 
hs  Static  specific  enthalpy 

ht  Total  specific  enthalpy 

Hs  Static  enthalpy 

Ht  Total  enthalpy 

I  Impulse 

rh  Mass  flow  rate 

%  Air  mass  flow  rate 

rtip  Fuel  mass  flow  rate 

M  Mach  number 

Ps  Static  pressure 

Pt  Total  pressure 

r  Radius 

R  Gas  constant 

s  Specific  entropy 

S  Entropy 

Ts  Static  temperature 

Tt  Total  temperature 

V  Absolute  velocity 

W  Relative  velocity 

a  Flow  angle  of  absolute  velocity  with  tangential  direction 

0  Flow  angle  of  relative  velocity  with  tangential  direction 

7  Ratio  of  specific  heats 

5  Boundary  layer  thickness 

A  Difference 

e  Slope  angle 

tj  Efficiency 

0  Circumferential  angle 

P  Density 

c o  Angular  velocity 

Subscripts 

AV  Average 

AX  Axial 

CAL  Calculated 

e  Exit 
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i  Inlet 

LOC  Local 

m  In  direction  of  meridian 

n  Number  of  measurements 

REF  Reference 

s  Static 

t  Total 

u  Tangential 

8  In  circumferential  direction 

o  Free  stream  ambient  conditions 

Superscripts 

—  Average  or  mean  values  for  either  radial  or  circumferential  variations 

=  Average  or  mean  values  for  combined  radial  and  circumferential  variations 

*  Sonic  conditions 
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41 


Station  Identification 

Inlet/engine  interface 
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Fan  inlet  (hub  section) 

Fan  inlet  (average) 

Fan  discharge  (tip  section) 

Fan  discharge  (hub  section) 

Fan  discharge  (average) 

Intermediate  compressor  inlet 
Intermediate  compressor  discharge 
High-pressure  compressor  inlet 
High-pressure  compressor  discharge 
Burner  discharge 

High-pressure  turbine  nozzle  discharge 


43  High-pressure  turbine  discharge 

44  Low-pressure  turbine  nozzle  discharge 
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Low-pressure  turbine  discharge 
Bypass  duct  mixer  inlet 
Core  engine  mixer  inlet 
Augmenter  inlet 
Engine/exhaust  nozzle  interface 
Exhaust  nozzle  throat 
Exhaust  nozzle  discharge 


Chapter  1 


INTRODUCTION 


1.1  BACKGROUND 

In  flight  propulsion  systems  both  propulsive  power  and  thrust  is  generated  by  adding  energy  to,  and  exerting  forces 
and  moments  on  a  working  fluid  which  passes  through  the  system.  The  working  fluid  may  vary  in  composition  as  it 
passes  through  the  system.  It  is  generally  a  gas  composed  of  atmospheric  air  and  gaseous  combustion  products.  This  gas 
is  compressible  and  its  thermodynamic  characteristics  can  be  approximated  by  the  thermally  ideal  state  equation. 

The  complete  propulsion  system  is  composed  of  different  components,  which  are  arranged  in  series  and/or  in 
parallel.  Each  of  these  components  exerts  specific  actions  on  the  gas  as  it  passes  through  the  components  which  changes 
the  gas  flow  and  state  quantities.  The  individual  component  types  are  selected  and  arranged  in  such  a  way  that  the  flow 
and  state  changes  at  the  interface  between  successive  components  which  together  complete  an  open  thermodynamic  cycle 
for  the  power  plant  system,  thereby  assuring  continuous  system  operation. 


1.2  PERFORMANCE  ANALYSIS 

For  system  and  component  performance  analysis,  the  specific  actions  exerted  by  individual  components  on  the  gas 
flow  must  be  known.  These  specific  component  effects  are  distributed  internally  within  the  component  flow 
(e.g.  viscous  stresses,  heat  conduction,  chemical  reactions)  and  over  the  component  internal  surfaces  (normal  and 
tangential  stresses).  The  distributed  local  action  can  be  summarized  as  the  sum  of  the  individual  component  (component 
performance)  in  terms  of  forces,  moments,  work,  heat  and  losses  due  to  dissipation.  In  most  applications  these  quantities 
cannot  be  derived  from  direct  measurements.  They  can,  however,  be  determined  indirectly  from  flow  and  state  changes, 
which  the  working  gas  experiences  when  it  passes  through  the  component.  Therefore,  the  basic  information  required  for 
experimental  determination  of  component  and  system  performance  analysis  is  the  three-dimensional  distribution  of 
measured  velocity  components  and  state  quantities  at  the  component  interfaces  of  the  system. 

The  quantitative  relationships  between  the  velocity  and  state  changes  from  component  inlet  to  outlet  face  and  the 
sum  of  component  actions  (forces,  moments,  energy  changes  and  dissipation)  are  derived  from  the  conservation  laws  of 
fluid  dynamics  using  a  stationary  control  volume  which  bounds  the  component  inlet  and  outlet  areas  and  the  component 
interior  solid  surfaces.  The  thermodynamic  state  changes  of  the  working  gas  flow,  which  also  enter  into  these  integral 
relations,  are  governed  by  the  laws  of  thermodynamics. 

It  must  be  realized  that  such  integral  relationships  relate  the  total  action  within  the  component  to  the  resultant 
integrated  changes  in  velocity  and  state  quantities  and  do  not  offer  detailed  information  about  local  effects.  Even  if 
complete  and  precise  information  about  the  three-dimensional  distribution  of  all  velocity  and  state  quantities  is  available 
for  both  the  component  inlet  and  outlet  faces,  the  description  of  overall  component  forces,  which  act  on  the  flow  as  it 
passes  from  inlet  to  outlet,  cannot  be  separated  into  the  individual  contribution  by  different  physical  phenomena.  Only 
the  combined  effect  of  all  forces  occurring  within  the  control  volume  can  be  determined  in  this  way.  Therefore, 
employing  relations  derived  from  control  volume  averaging  always  results  in  loss  of  detailed  information. 


1.3  SIMPLIFICATION  BY  AVERAGING 

An  averaging  technique  may  be  used  with  design  data  or  with  measured  data.  Design  data,  obtained  by  computa¬ 
tion,  are  always  consistent.  But  the  experimental  determination  of  the  distributed  flow  and  state  quantities,  which  enter 
into  these  integral  relationships,  requires  the  application  of  extensive  traversing  instrumentation  at  all  component  inter¬ 
faces.  In  propulsion  systems,  such  extensive  instrumentation  cannot  be  provided  safely  and  economically.  Experimental 
efforts  of  this  magnitude  are  usually  limited  in  application  to  special  component  test  rigs  during  the  research  and  develop¬ 
ment  phase. 

To  simplify  steady  state  component  and  system  analysis  and  to  verify  the  results  experimentally,  employing  only 
limited  fixed  instrumentation  at  the  component  interfaces,  the  real,  non-uniform,  three-dimensional  flows  with  time 
periodic  velocities  and  state  quantities  (rotating  wakes  and  turbulence),  it  would  be  desirable  to  represent  or  approximate 
the  real  flow  by  uniform  steady  flow  models,  which  transport  the  same  amount  of  mass,  momentum,  moment  of 
momentum  and  energy  through  the  interfaces  as  the  real,  non-uniform  flow.  The  velocity  and  state  quantities  of  the 
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uniform  flow  models  can  be  determined  by  applying  suitable  time-  and  position-averaging  procedures  to  the  distributed 
velocity  and  state  quantities  of  the  real  flow. 

Introduction  of  representative  average  velocities,  momentum  flows  and  state  quantities,  allow  one  to  evaluate 
component  and  system  performance  simply.  The  quantitative  results  obtained  from  such  simplified  performance  analysis 
methods  can  describe  the  steady  state  performance  parameters  with  adequate  accuracy.  In  addition,  suitable  averaging 
techniques  define  locations  within  the  flow  field  where  local  velocity  and  state  quantities  coincide  with  the  averaged 
velocity  and  state  properties.  Fixed  instrumentation  therefore  should  be  positioned  at  these  locations  in  order  to  obtain, 
truly  representative  experimental  performance  data. 

Many  different  averaging  procedures  of  non-uniform  internal  flows  are  currently  in  use.  Therefore  the  question 
arises,  if  performance  parameters  derived  by  using  different  averaging  methods  remain  comparable  with  each  other. 
Simple  calculations  are  used  to  illustrate  this  comparison. 


1.4  OBJECTIVE  AND  SCOPE 

The  objective  for  the  work  reported  here  is  to  review  known  averaging  methods  and  to  present  their  differences, 
to  quantify  inaccuracies  or  uncertainties  inherently  associated  with  different  averaging  procedures  and  to  arrive  at 
recommendations  for  practical  applications.  In  view  of  the  increased  capabilities  of  modem  instrumentation  and 
computation  equipment,  more  sophisticated  averaging  techniques  may  become  practicable  and  therefore  arc  considered 
in  the  present  work. 

For  the  present  study  the  scope  of  work  was  restricted  to  consider  only  the  following  propulsion  systems:  Turbojet 
(with  and  without  reheat);  Turboshaft-Engines  (without  heat  exchange  or  propellers)  and  Turbofan-Engines  (with  and 
without  mixing  or  reheat).  Furthermore,  the  averaging  methods  considered  here  are  applicable  only  to  steady-state 
component  and  system  performance  analysis. 

Certain  aspects  of  the  work  presented  in  this  report  are  closely  related  to  instrumentation,  its  capabilities,  accuracies 
and  limitations.  Since  new  capabilities  and  improvement  in  the  field  of  instrumentation  are  occurring  at  a  rapid  rate, 
the  present  capabilities  of  data  gathering  and  acquisition  systems  were  not  considered  to  be  limiting.  Effects  of  instru¬ 
mentation  aspects  are  included  when  one  deals  with  the  time-averaging  of  time  periodic  data. 


1.5  APPROACH 

Initially,  existing  models  of  component  and  system  performance  analysis  were  reviewed.  The  information  presented 
in  this  part  of  the  report  was  collected  through  direct  contact  with  the  specialists  in  the  respective  organizations,  and  ■ 
provide  perspective  as  to  procedures  presently  in  use. 

Next,  a  theoretical  analysis  of  component  and  system  performance  based  upon  integral  relations  for  stationary 
finite  control  volumes  with  fixed  boundaries.  The  general  compressible  fluid  relations  are  then  specialized  for  steady 
(time-averaged)  flows.  Their  representation  as  uniformly  distributed  averaged  quantities  then  are  derived.  In  this 
context,  consideration  is  given  to  the  inherent  limitations  of  performance  analysis  results  derivable  from  averaged 
quantities  and  to  those  statements,  which  are  in  principle  correct.  On  the  basis  of  this  work,  known  averaging  methods 
are  discussed,  classified  and  their  limitations  are  defined.  This  theoretical  presentation  is  concluded  by  proposing  new 
refinements  to  known  methods  and  a  novel  approach  to  simplified  component  and  system  analysis. 

The  averaging  procedures  are  subsequently  tested  by  completing  a  selected  group  of  typical  sample  calculations. 
Quantitative  comparisons  of  the  results  are  presented  and  their  uncertainty  levels  are  specified. 

The  work  concludes  with  a  summation  and  critique  of  the  results  obtained.  Recommendations  for  acceptable 
averaging  procedures  are  offered.  Finally,  those  problem  areas  are  identified,  where  additional  efforts  are  needed  to 
achieve  further  progress. 
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Chapter  2 

CURRENT  FLOWPATH-AVERAGING  PRACTICES 


SUMMARY 

This  chapter  discusses  the  flowpath-averaging  practices  and  philosophies  used  by 
companies  and  governmental  agencies  currently  engaged  in  aircraft  turbine  engine  component 
and  system  development.  Flowpath-averaging  practices  vary  depending  on  the  engine 
component,  the  User’s  design  philosophies,  the  User’s  test  facilities  and  equipment,  accuracy 
requirements,  and  available  resources.  In  general,  most  of  the  current  turbine  engine  flow- 
averaging  practices  involve  some  form  of  area  or  mass  flow  weighting.  In  engine  systems 
where  there  are  severe  internal  space  limitations  and  instrument  installation  restrictions, 
energy  and  work  balances  based  on  measured  airflow,  thrust/torque,  and  fuel  flow  are  used 
to  define  single  values  of  component  interface  flow  properties.  An  area  of  flowpath  averaging 
which  is  receiving  increased  attention  is  the  error  evaluation  process.  An  error  evaluation  is 
required  of  the  measurement  systems  and  flow  averaging  procedures  to  insure  that  test  results 
are  meeting  engine  component  and  system  performance  specification  requirements. 


DEFINITION  OF  FLOWPATH-AVERAGING  METHODS 
Area  Average 

Parameter  integral  with  respect  to  flow  area  divided  by  total  flow  area. 
Area-weighted  average  pressure: 

/P.dA 

Pt  =  A~  ' 


Area-weighted  average  temperature: 


Tt  = 


JTtdA 

A 


Mass  Average 

Parameter  integral  with  respect  to  mass  flow  divided  by  total  mass  flow  rate. 


Mass  flow-weighted  average  pressure: 


/PtPvAXdA 

rh 


Mass  flow-weighted  average  enthalpy: 

/htPvAXdA 


Mass  flow-weighted  average  entropy: 

/sPvAXdA 

s  =  -  . 

rh 

With  the  definition  of  any  two  of  the  mass  flow-weighted  parameters  listed  above,  the  third  parameter  can  be 
obtained  from  a  Mollier  diagram. 
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Mass  flow-weighted  average  velocity : 


/VpVAXdA 


Two-Dimensional  Mass  Average 

Parameter  circumferential  and  radial  integral  with  respect  to  mass  flow  divided  by  total  mass  flow  rate. 
Two-dimensional  mass  flow-weighted  average  pressure: 

=  =  //Pt(pVAx)rd  6  dr 
‘  //(pVAx)rd  6  dr 

Two-dimensional  mass  flow-weighted  average  isentropic  enthalpy  equivalent  of  a  total  pressure  change: 


n  _  r  r  /[(pt/PtiF“ ~  1  ]  P  VAX  rdr  1  7/7-1 

‘L  /pVAyrdr  J 


e  lL  /P  VAX  rdr 

where  the  single  bar  parameters  are  circumferential  mass  averaged  values. 


Two-dimensional  mass  flow-weighted  average  temperature  is: 

f  =  //Tt(pVAx)rdedr 
1  //(pVAX)rd0dr 

Numeric  Average 

Parameter  arithmetic  sum  divided  by  the  number  of  measurements: 


Numeric  averaged  pressure: 


SPt  +  •  ‘  '  PN 


Numeric  averaged  temperature: 


ZTt  +  •  •  •  Tt 


DZUNG  Average 

The  mean  or  average  values  are  consistent  with  the  following  equations,  which  represent  the  conservation  laws  with 
a  rotating  frame  (c o  =  constant): 


Continuity : 


pwm  = 


Ip  wm  dA 


Momentum  (in  direction  of  meridian): 


P  +  Ps  = 


/(pWj,  +Ps)dA 


Moment  of  Momentum: 


r(wr+W0)pWn 


/r(wr  +  W0)pWmdA 


Energy: 


W2  (wr)2\ 
*s  d  7  ’  2 


,  W2  (ur)2\ 
j(l>,+  T-— >wm«A 


Equation  of  State: 


hs  =  (T/T-1)(PS/P) 
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and  r  is  given  by 

_2  _  /r2P  Wm  dA 
fP  Wm  dA 

Hence,  there  are  six  equations  with  six  unknown  variables'.  Ps ,  p,  hs ,  Wm  ,  Wg  ,  and  r  .  For  the  case  of  an  absolute 
frame  (co  =  0) ,  the  relative  velocity,  W ,  is  replaced  by  absolute  velocity,  V  . 


2.1  INTRODUCTION 

The  aerospace  turbine  engine  community  presently  has  no  recognized  standards  or  guidelines  concerning  averaging 
of  flowpath  gas  properties  with  the  exception  of  engine  face  distortion  indices.  The  problem  is  that  each  engine 
manufacturer  has  different  restrictions  and  requirements  for  selecting  an  averaging  method.  Restrictions  are  generally 
imposed  by  available  resources  and  test  facilities.  Requirements  are  dictated  by  the  program  goals  and  the  type  engine 
component  being  evaluated.  Factors  usually  considered  when  selecting  a  method  of  flowpath  averaging  are: 

Compatibility  with  the  design  analyses. 

Fundamental  consistency  with  the  particular  component  performance  parameter  being  evaluated  such  as  thrust, 
torque  or  efficiency. 

Required  instrument  measurement  systems  including  consideration  of  instrument  type,  measurement  range, 
quantity,  and  required  accuracies. 

Conformity  with  existing  informational  data  banks. 

Available  resources  and  test  facilities. 

The  purpose  of  this  chapter  is  to  discuss  the  flowpath-averaging  practices  and  philosophies  used  by  the  companies 
and  governmental  agencies  engaged  in  aircraft  turbine  engine  development.  Since  instrumentation  plays  an  important  role 
in  the  averaging  selection  process  and  the  component  performance  evaluation  process,  developmental  engine  component 
and  system  flowpath  measurement  practices  are  also  discussed.  The  material  is  presented  in  four  parts:  flowpath 
measurement  and  averaging  practices  for  (1)  turbomachinery,  (2)  combustors,  and  (3)  turbine  engine  systems,  as  well  as 
(4)  a  discussion  of  flowpath-averaging  error  evaluation  practices.  The  flowpath-averaging  practices  used  at  the  major 
government  turbine  engine  component  and  system  test  centers  are  presented  in  tabular  form.  The  practices  presented  in 
this  chapter  apply  to  steady-state  flows  and  not  necessarily  to  dynamic,  or  time-variant,  flows.  Fan  and  compressor  inlet 
flow-averaging  practices  are  discussed,  but  turbine  engine  inlet  flow  distortion  methodology  is  not  discussed,  as  it  is 
already  being  addressed  by  other  committees  (e.g.,  Ref.2.1 ). 

The  test  centers  which  contributed  to  this  effort  are  as  follows: 

Arnold  Engineering  Development  Center  (AEDC) 

Centre  d’Essais  des  Propulseurs  (CEPr) 

Deutche  Forschungs-und  Versuchsanstalt  fur  Luft-und  Raumfahrt  (DFVLR) 

National  Aeronautics  and  Space  Administration  Lewis  Research  Center  (NASA-Lewis) 

National  Gas  Turbine  Establishment  (NGTE) 

The  manufacturers  which  contributed  to  this  effort  are  as  follows: 

Detroit  Diesel  Allison 

General  Electric  Aircraft  Engine  Group 

Motoren-und  Turbinen-Union 

Pratt  and  Whitney  Aircraft 

Rocketdyne 

Teledyne  CAE 


2.2  TURBOMACHINERY  (COMPRESSORS/TURBINES) 

Design  Practices 

The  type  of  flowpath-averaging  used  for  the  design  phase  is  dictated  by  the  type  of  analyses  used  for  the  design 
phase.  For  turbo  machinery,  the  design  effort  includes  evaluation  of  the  radial  flow  distributions  within  the  proposed 
blade  passages,  evaluation  of  the  component  thermodynamic  cycle  efficiencies,  and  evaluation  of  meanline  component 
design  and  aerodynamic  losses.  The  analysis  procedures  used  in  turbomachinery  design  vary  from  the  solution  of  simple 
radial  equilibrium  equations  to  determine  flow  distributions  within  blade  passages,  to  complex  three-dimensional  flow 
equations  using  the  complete  radial  equilibrium  momentum  equation,  energy  equation,  and  continuity  conditions  (Refs 
2.2— 2.4).  The  basic  analytical  tools  for  most  turbo  machinery  designs  are  streamline  curvature  methods  and  matrix 
inversion  schemes  that  account  for  both  streamline  curvature  and  radial  gradients  in  entropy  and  enthalpy.  Torque, 
power,  and  the  work  per  unit  mass  of  fluid  (total  head)  are  determined  using  Euler’s  rotating  machinery  power  relations 
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(Ref.2.5).  For  streamline  curvature  methods  and  matrix  inversion  schemes,  component  inlet  and  exit  flow  properties  are 
generally  specified  at  equal  radial  increments  or  at  stations  that  correspond  to  the  entrance  and  exit  of  each  airfoil  row 
for  the  stator  vanes  and  rotor  blades.  The  equations  define  flow  properties  along  streamlines  or  stream  tubes  (i.e.,  lines  or 
surfaces  of  constant  mass  flow)  so  that  flowpath  averaging  of  the  analytical  results  is  equivalent  to  one-  and  two- 
dimensional  mass  averaging  procedures.  The  numerical  mass-averaged  properties  from  the  streamline  analyses  are  also 
used  to  evaluate  the  component  power  relations.  In  general,  flowpath  parameters  in  the  design  phase  tend  to  be  a  form  of 
mass  averaging  including  one-  and  two-dimensional  mass  averaging  of  pressures  and  temperatures,  with  radial  and  circum¬ 
ferential  mass  averaging  of  momentum,  and  energy  terms. 

Test  Practices 

The  objective  of  the  component  test  phase  is  to  fix  the  basic  hardware  configuration  and  establish  actual 
performance  and  reliability.  Component  performance  is  generally  evaluated  by  substituting  the  test  data  into  the  design 
model.  Flowpath  areas  and  losses  in  the  design  model  are  adjusted  so  that  the  numerical  results  correspond  to  the 
measured  data.  By  using  the  airfoil  geometry  along  with  the  measured  overall  interstage  temperature  and  pressure  profiles 
and  by  assuming  casing  blockage  distribution  and  stator  loss  correlations,  one  can  formulate  a  computational  model  of 
the  turbomachinery  from  which  the  blade  element  performance  can  be  obtained.  Generally,  computational  models 
require  the  addition  of  flow  correlation  coefficients  or  other  such  terms  to  the  equation  which  are  in  some  ways  related 
to  flowpath  averaging.  Presently,  there  is  no  general  consensus  as  to  what  specific  form  of  flowpath  averaging  is  to  be 
used  for  correlation  of  test  data.  The  selection  of  a  flowpath  property-averaging  method  for  the  component  test 
phase  should  be  consistent  with  requirements  of  the  general  design  model  (i.e.,  some  form  of  mass  averaging)  and  both 
consistent  and  representative  of  the  component  fundamental  performance  parameters  such  as  torque  and  efficiency. 
Current  flowpath-averaging  methods,  however,  are  not  always  this  sound,  principally  because  of  experimental  considera¬ 
tions.  In  practice,  the  selection  of  an  experimental  flowpath-averaging  method  is  highly  dependent  on  the  available 
measurement  systems.  The  limiting  factors  include  measurement  capability,  probe  flow-field  interference,  instrument 
accessibility,  required  measurement  accuracies,  and  resource  requirements.  To  clarify  these  limits,  a  discussion  of  current 
experimental  flowpath-averaging  practices  must  be  prefaced  with  some  discussion  of  turbomachinery  measurement 
practices. 

Test  Rig  Measurements—  For  performance  testing  of  isolated  turbomachinery  components,  mass  flow,  torque,  and 
component  inlet/exit  flow  properties,  are  measured.  Flow  rates  are  measured  with  calibrated  bellmouths,  or,  if  sufficient 
pressure  is  available,  with  critical  flow  venturis  (Ref.2.6)  or  calibrated  orifices  (Ref.2.7).  All  airflow  rates  are  corrected  to 
dry  air  rates.  Uncalibrated  orifices  are  used  for  secondary  flows  such  as  compressor  interstage  bleeds  and  turbine 
secondary  cooling  flows.  Flowpath-averaging  methods  are  not  used  for  primary  measuring  systems;  instead,  flow  condi¬ 
tioning  equipment  is  used  to  achieve  one-dimensional  bulk  flow.  Flow  coefficients  are  used  to  account  for  boundary- 
layer  and  flow  curvature  effects.  For  inlet  flow  distortion  testing,  a  numerical  summation  of  flows  per  unit  area  is  made 
(Rcf.2.8).  The  analyses  described  in  References  2.9  and  2, 10  are  used  at  AEDC  to  evaluate  flow  rates  when  symmetrical 
or  planar  flow  distortions  are  present. 

Turbomachinery  component  inlet  stagnation  pressures  and  temperatures  are  generally  measured  with  fixed  rakes 
spaced  in  circumferential  quadrants.  The  number  of  measurements  made  at  the  inlet  station  is  configuration  dependent 
and  can  vary  from  20  to  100  combined  pressure  and  temperature  measurements.  As  an  example  to  illustrate  the  number 
and  location  of  probes  at  the  engine  inlet  face  the  Society  of  Automotive  Engineers  (US)  suggests  in  its  Aerospace 
Recommended  Practice  (ARP  1420  of  March  1978)  eight  equiangual  space  rakes  with  five  probes  per  rake  location  at  the 
centers  of  the  equal  areas.  An  exception  to  this  practice  is  turbine  testing  behind  a  combustor.  For  this  case,  turbine 
inlet  temperature  spatial  variations  and  levels  usually  make  the  use  of  probes  impractical  so  that  average  inlet  flow 
values  are  determined  from  a  turbine  work  balance.  Wall  static  pressure  taps  are  generally  located  in  the  inlet  circum¬ 
ferential  plane  at  increments  from  15  to  90  degrees.  Flow-field  static  pressures  are  not  measured  in  most  circumstances. 

For  each  stage,  instrumentation  for  interstage  performance  may  consist  of  two  to  four  temperature  and  pressure 
rakes  with  each  rake  having  anywhere  from  three  to  six  probes.  If  possible,  static  pressure  taps  are  located  on  the  case 
and  inner  wall  between  the  airfoil  rows. 

Component  exit  stagnation  pressures  and  temperatures  are  normally  measured  with  a  circumferential  traversing  rake 
system  so  that  a  detailed  survey,  which  generally  includes  200  to  500  individual  measurements  of  the  exit  flow  stagnation 
conditions,  is  possible.  Wall  static  pressure  taps  are  located  in  a  manner  similar  to  the  component  inlet  plane.  For  turbine 
component  testing,  flow  angle  probes  are  generally  incorporated  into  the  pressure-  and  temperature-traversing  rake 
system. 

Flowpath  Averaging  —  On  the  basis  that  the  test  data  be  consistent  with  the  design  analyses,  the  flowpath  averaging 
for  the  component  test  data  would  basically  incorporate  mass-averaging  procedures;  however,  the  component  test  data  are 
not  readily  amenable  to  mass  averaging  procedures.  For  instance,  direct  mass  flow  averaging  requires  rake  probes  to  be 
located  at  centroids  of  equal  mass  flow,  momentum,  or  energy.  However,  since  the  required  probe  positions  are  not 
known  prior  to  the  evaluation  of  the  test  results,  the  general  practice  is  to  locate  probes  on  centroids  of  equal  cross- 
sectional  area.  Using  this  criterion,  the  probes  can  be  accurately  positioned  prior  to  the  test.  The  equal  area  position  is 
independent  of  test  settings,  and  for  low  flow  distortion  levels,  equal  area  positions  are  more  closely  aligned  to  stream¬ 
lines  than  other  positioning  criteria  such  as  equal  radial  increments.  To  mass  average  test  data,  a  local  static  flow 
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property  (usually  static  pressure)  is  required.  For  low  subsonic  Mach  numbers,  the  general  practice  is  to  assume  that  the 
radial  static  pressure  is  constant  and  equal  to  the  circumferential  numeric  average  of  the  wall  static  pressure  measurements; 
alternately,  a  static  pressure  profile  based  on  experimental  or  analytical  results  may  be  assumed.  The  mass-averaging 
procedure  increases  the  measurement  uncertainty  level  of  the  averaged  flow  properties  compared  to  using  simple  area- 
averaged  flow  properties.  The  task  is  to  determine  whether  the  less  accurate  mass  flow-averaged  properties  are  preferable 
to  area-averaged  values.  It  is  not  uncommon  to  find  combinations  of  both  area-  and  mass-averaging-type  procedures  being 
used  to  reduce  component  test  data.  For  instance,  some  of  the  practices  used  for  flowpath-averaging  turbomachinery 
inlet  and  exit  temperature  and  pressure  measurements  are; 

Area  or  mass  average  the  measured  values. 

Area  average  the  circumferential  values  and  mass  average  the  resultant  radial  profile. 

Two-dimensional  mass  average  the  measured  values. 

Use  the  measured  mass  flow,  the  circumferential  numeric  average  of  the  wall  static  pressure,  an  effective  flow 

area,  and  area-averaged  temperature  to  calculate  stagnation  pressure. 

Effective  exit  flow  swirl  angles  are  defined  using  either  area-  or  mass-averaging  practices  (Ref.2.1 1 ).  Another  common 
practice  for  compressor  testing  is  to  mass  average  the  isentropic  enthalpy  equivalent  of  the  total  pressure  change  (see 
definitions)  across  the  compressor  to  arrive  at  an  average  exit  total  pressure.  For  turbine  testing  behind  a  combustor, 
turbine  work  is  generally  determined  from  a  measurement  of  shaft  work  as  opposed  to  measurement  of  flow-stream 
enthalpy  drop,  and  turbine  inlet  gas  temperature  is  determined  from  a  measurement  of  turbine  torque. 

Some  of  the  general  flowpath-averaging  practices  used  at  the  various  governmental  test  centers  for  compressor  and 
turbine  testing  are  presented  in  Tables  2.1  and  2. II,  respectively.  References  2.12—2.28  provide  a  more  detailed  descrip¬ 
tion  of  some  of  the  experimental  facilities  and  practices  used  for  turbomachinery  component  testing. 


2.3  COMBUSTOR 

Design  Practices 

A  mathematical  model  of  a  combustor  requires  formulation  of  equations  which  describe  the  complex  aerothermo- 
dynamic  and  chemical  interactive  processes  that  occur  in  the  combustor.  A  number  of  combustor  analytical  models  have 
been  and  are  presently  being  developed  (Refs  2.29  and  2.30)  and  are  providing  some  perceptive  insight  into  combustor 
designing.  The  models  vary  from  simple  analyses  which  treat  the  combustor  as  a  perfectly  stirred  reactor  to  complex 
three-dimensional  analyses  that  include  finite-rate  chemistry.  The  existing  analytical  models,  however,  do  not  account  for 
all  the  interactive  phenomena;  they  implicitly  assume  steady-flow  and  in  this  way  are  at  variance  with  actual  combustors. 
Therefore,  the  basic  design  tools  for  combustor  development  are  still  based  on  empirical-type  models.  Combustor 
empirical  models  are  usually  formulations  of  influence  coefficients  for  the  interrelationships  of  the  various  combustor 
variables.  The  empirical  correlations  normally  assume  single  value  initial  conditions  for  approach  temperature  and 
pressure,  and  then  calculate  values  for  overall  performance  parameters  (i.e.,  parameters  such  as  combustor  efficiency 
and  burner  pressure  loss).  As  a  result,  fiowpath  averaging  is  not  a  major  consideration  for  most  combustor  prehardware 
analytical  design  practices. 

Test  Practices 

Results  of  combustor  development  tests  are  used  to  evaluate  performance  factors  such  as  temperature  profile 
patterns,  combustion  efficiency,  and  burner  pressure  loss  that  require  spatial  averaging  of  measured  flow  properties. 

Just  as  for  turbomachinery  components,  the  selection  of  an  experimental  flowpath-averaging  method  is  dependent  on 
the  available  measurement  systems.  For  combustors,  the  measurement  problem  is  particularly  difficult  because  of  the 
chemical  reactions  and  the  hostile  temperature  environment. 

Test  Rig  Measurements  The  various  parts  of  the  combustor  are  identified  in  Figure  2.1 .  The  basic  combustor 
test  measurements  are  mass  flow,  pressure,  temperature,  and  gas  composition.  The  airflow  measurement  systems  are  the 
same  as  used  for  turbomachinery  component  testing.  For  combustor  testing  behind  a  compressor,  the  airflow  rates  are 
determined  from  compressor  airflow  minus  leakage  and  turbine  cooling  flow.  Fuel  flows  are  measured  with  calibrated 
turbine-type  flowmeters. 

At  the  combustor  diffuser  inlet,  the  measured  quantities  are  total  pressure,  total  temperature,  and  wall  static 
pressure.  Combustor  inlet  pressure  and  temperatures  are  measured  with  fixed  rakes  spaced  on  equal  circumferential 
increments  with  the  probes  located  on  equal  increments  of  the  inlet  cross-sectional  flow  area.  Wall  static  pressure  taps 
are  installed  on  the  outer  and  inner  diameters  of  the  diffuser  case  and  generally  located  in  the  plane  simulating  the  trailing 
edge  of  the  compressor  exit  guide  vanes.  The  number  of  measurements  is  dependent  on  the  combustor  size  and  design 
and  can  vary  from  10  to  60  individual  temperature  and  pressure  measurements  each  and  from  4  to  20  wall  statics.  For 
combustor  testing  behind  a  turbine  engine  compressor,  combustor  inlet  flow  conditions  are  inferred  from  the  compressor 
exit  measurements. 
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Wall  static  pressure  taps  are  located  at  various  axial  locations  in  the  diffuser  and  combustor  shrouds  and  are  used  to 
evaluate  burner  pressure  losses.  Generally  from  1  to  4  static  pressure  taps  are  placed  at  each  axial  location.  Total 
pressure  rakes  placed  in  the  combustor  shroud  are  used  to  evaluate  flow  splits  and  liner  Mach  numbers. 

At  the  combustor  exit,  total  temperature  and  pressure  are  measured  with  either  a  circumferential  traversing  or  a 
fixed-rake  system.  The  pressure  rake  probe  heads  are  water  cooled.  The  sampling  and  temperature  probes  are  made  of 
platinum  to  withstand  the  combustor  exhaust  temperatures.  Aspirated  temperature  probes  are  generally  used,  and  in 
most  cases  also  serve  as  gas-sampling  probes.  Individual  rake  probes  are  radially  spaced  so  that  each  probe  samples  an 
equal  increment  of  cross-sectional  flow  area.  Typically,  for  fixed  rakes,  a  total  of  20  to  40  stagnation  pressures  and  40  to 
80  stagnation  temperatures  are  measured.  For  traversing  rake  systems,  as  many  as  300  to  600  individual  measurements 
can  be  recorded.  Static  pressure  at  the  combustor  exit  is  measured  with  wall  static  pressure  taps  located  on  both  the 
outer  and  inner  annulus  wall,  and  a  total  of  anywhere  from  4  to  20  taps  used. 

Flowpath  Averaging  Combustor  flowpath-averaging  practices  vary  for  different  design  concepts  and  among  the 
various  developers  and  test  centers.  The  current  practices,  however,  for  the  most  part,  consist  of  either  area-weighting  or 
mass  flow-weighting  procedures.  As  discussed  in  the  turbomachinery  component  subsection,  area  weighting  is  straight¬ 
forward  since  it  generally  requires  only  numeric  averaging  of  the  probe  data,  whereas  mass  averaging  requires  assessment 
of  the  local  flow  Mach  numbers.  Combustor  flowpath-averaging  procedures  for  the  evaluation  of  combustor  efficiency, 
burner  pressure  loss,  temperature  pattern  factors,  and  flow  Mach  numbers  are  discussed  below. 

Combustor  efficiency  is  determined  by  dividing  the  measured  enthalpy  rise  across  the  combustor  by  the  theoretical 
enthalpy  rise.  In  practice,  the  average  combustor  inlet  temperature  may  be  determined  using  either  mass  flow-weighted 
or  area-weighted  flowpath-averaging  procedures.  The  average  exit  temperature  is  generally  determined  using  mass  flow- 
weighted  procedures,  or  if  numerous  measurements  are  made,  the  numeric  average  of  the  exit  temperatures  is  used.  An 
average  exhaust  gas  temperature  can  also  be  determined  from  an  evaluation  of  the  gaseous  emission  products  by  using 
combustor  theoretical  frozen  and  equilibrium  chemical  analyses  (Ref.2.3 1 ).  A  widely  accepted  technique  for  computing 
combustor  efficiency  directly  is  to  determine  the  amount  of  unrecovered  heat  of  combustion  related  to  the  measured 
unbumed  hydrocarbons  (HC)  and  carbon  monoxide  (CO).  If  this  technique  is  used,  aspirated  temperature  probes  are 
commonly  used  to  channel  the  gas  samples  into  a  manifold  that  provides  an  average  reading  for  CO  and  IIC.  This 
technique  is  usually  used  for  combustor  systems  where  the  quantity  of  equilibrium  CO  is  small. 

Combustor  or  burner  pressure  loss  is  defined  as  the  loss  in  average  total  pressure  between  the  diffuser  inlet  and 
combustor  exit  expressed  as  a  percentage  of  the  diffuser  inlet  average  total  pressure.  The  diffuser  inlet  and  combustor 
exit  total  pressures  are  determined  using  either  area-  or  mass  flow-weighting  procedures.  On  occasion,  the  combustor 
total  pressure  is  evaluated  using  the  numeric  average  of  the  combustion  chamber  wall  static  pressure  measurements  and 
an  estimate  of  the  chamber  Mach  number.  The  diffuser  inlet  Mach  number  used  to  correlate  the  burner  pressure  loss  is 
determined  from  the  numeric  average  of  the  inlet  wall  static  pressure  measurement,  measured  airflow,  and  either  a  mass 
flow  weighted  or  area-weighted  inlet  total  temperature. 

To  describe  the  quality  of  the  combustor  outlet  temperature  profile,  the  stator,  rotor,  and  pattern  temperature 
distribution  factors  are  evaluated.  The  stator  factor  is  the  largest  temperature  difference  between  the  highest  local  radial 
temperature  and  either  the  design  or  the  average  radial  temperature  normalized  by  the  average  temperature  rise  across  the 
combustor.  The  rotor  factor  is  the  same  ratio  but  is  for  the  largest  temperature  difference  in  the  circumferential  direction. 
The  pattern  factor  is  the  difference  between  the  highest  local  combustor  exit  temperature  and  the  average  combustor  exit 
temperature  divided  by  the  combustor  temperature  rise.  Nonweighted  temperatures  are  used  for  the  evaluation  of  the 
temperature  distribution  parameters,  and  the  average  temperature  required  for  these  evaluations  is  the  simple  numeric 
average  of  the  measurements.  However,  since  the  temperature  probes  are  placed  on  increments  of  equal  area,  the 
numeric  averaged  temperature  corresponds  to  an  area-weighted  value. 


These  verbal  descriptions  may  be  written  algebraically  as 

Stator  Factor 

Maximum  of 
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Rotor  Factor 
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Tt(0  )m AX  ~Tt  DESIGN 
- — -  or 

atcombustor 


Tt(r)MAX  ~  Tt(r) 
ATt  COMBUSTOR 


T#)MAX  Tt(r) 

aTcombustor 
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Combustor  Pattern  Factor 

[Tt(r,  d)  -  Tt(r,  0)1  COMBUSTOR  EXIT 
ATt  COMBUSTOR 

The  general  combustor  flowpath-averaging  practices  used  at  the  various  governmental  test  centers  are  presented  in 
Table  2. III.  References  2.3  1  -2.36  give  a  more  detailed  description  of  some  of  the  experimental  facilities  and  practices 
used  for  combustor  component  testing. 


2.4  TURBINE  ENGINE  SYSTEMS 
Design  Practices 

The  design  and  development  of  a  turbine  engine  system  requires  the  use  of  analyses  which  can  relate  changes  in 
component  configuration  to  changes  in  both  steady-state  and  transient  operating  conditions.  In  actual  practice,  data 
generated  from  component  analyses  and  previous  engine  experimental  results  are  stored  in  high-speed  computers  in  the 
form  of  tables  and  coefficients  and  are  used  to  predict  engine  performance.  The  type  of  information  stored  is  aero- 
thermodynamic  properties  of  air  and  products  of  combustion,  aerothermodynamic  performance  of  the  various  engine 
components  as  a  function  of  the  controlling  independent  variables  including  the  effects  of  Reynolds  number  and  flow 
distortion,  power  losses  by  auxiliary  units  and  bleed  flows,  and  data  that  relate  geometric  changes  to  engine  performance. 
The  data  used  to  generate  the  performance  program  tables  and  coefficients  are  flow  averaged  in  accordance  with  the 
users’  particular  component  flow-averaging  test  practices. 

Test  Practices 

Methods  of  acquiring  and  averaging  flow  data  in  engine  system  tests  are  considerably  different  from  those  used  for 
cascade  and  component  rig  testing.  Space  limitations  and  installation  problems  frequently  prevent  the  use  of  extensive 
instrumentation;  therefore,  many  of  the  measurements  made  for  component  testing  such  as  combustor  gas  composition, 
flow  angularity  surveys,  and  torque  are  not  practical  for  most  engine  system  tests.  As  a  result,  energy  and  work  balances 
are  used  extensively  to  define  component  interface  average  flow  properties.  Another  practice  is  to  use  component  test 
rig  data  and  scale  model  data  to  enhance  limited  engine  system  component  flowpath  data.  The  advantage,  however,  of 
engine  system  testing  is  duplication  of  the  component  actual  operating  environment,  and  this  is  difficult  to  simulate  in 
component  and  scale  model  tests.  There  have  been  several  studies  on  the  importance  of  simulating  the  correct  flow 
distortion  patterns  for  component  performance  evaluation.  For  example,  Reference  2.36  discusses  the  effect  of  inlet 
distortion  patterns  on  axial  compressors,  and  Reference  2.37  points  out  some  of  the  adjustments  required  to  use  scale 
model  uniform,  cold-flow  nozzle  data  to  evaluate  full-scale  nonuniform,  hot-flow  nozzle  performance.  Isolated 
component  and  scale  model  test  factors  applied  to  engine  system  data  must  be  carefully  analyzed  and  evaluated. 

Test  Cell  Measurements  —  Engine  system  performance  tests  require  the  measurement  of  engine  airflow,  fuel  flow, 
and  thrust.  Engine  airflow  rates  are  measured  using  the  standard  or  calibrated  airflow  metering  devices  described  in  the 
turbomachinery  test  section.  Metering  systems,  flow  distortion,  and  averaging  requirements  for  engine  transient  airflow 
measurement  are  discussed  in  Reference  2.38.  For  turbofan  engines,  high-pressure  compressor  mass  flow  rates  are 
calculated  using:  (1)  core  engine  averaged  inlet  flow  properties  and  a  calibration  flow  coefficient,  or  (2)  a  high-pressure 
compressor  and  turbine  work  balance,  or  (3)  a  known  value  of  high-pressure  turbine  inlet  mass  flow  function.  Inter¬ 
stage  mass  flows  are  determined  using  flow  coefficients  or  bleed  pipe  flow-metering  orifices.  Engine  fuel  flows  are 
calculated  using  calibrated  turbine  flowmeter  data,  and  thrust  is  calculated  using  calibrated  load  cell  data  and  redundant 
analytical  force  balance  procedures.  Analytical  force  balance  procedures  which  take  into  consideration  flow  non¬ 
uniformities  are  described  in  References  2.39  and  2.40. 

Typical  engine  test  instrumentation  for  a  low  bypass  mixed  flow  and  a  high  bypass  dual  stream  turbofan  are 
shown  in  Figures  2.2  and  2.3,  respectively.  Temperature  and  pressure  rakes  are  generally  included  in  developmental 
engine  tests  at  the  stations  indicated.  The  general  practice  is  to  locate  instrument  probes  on  centers  of  equal  stream  areas. 
There  are  exceptions  to  this  placement,  such  as  using  centers  of  “estimated  equal  mass  flow”,  but  this  arrangment  is 
individually  justified  and  does  not  often  occur  in  practice.  On  occasion,  instrument  measuring  systems  such  as  flow 
angle  measuring  devices,  interstage  instruments,  and  optical  measuring  devices  are  used  for  development  engine  testing; 
however,  these  systems  are  considered  nonstandard  or  special  requirements.  For  a  typical  transient  test,  20  to  40  percent 
of  the  engine  pressure  instrumentation  consists  of  close-coupled  systems  with  a  frequency  response  of  1  to  1 00  Hz. 

For  dynamic  testing  such  as  engine  stall  margin  evaluations,  50  to  80  percent  of  the  pressure  instrumentation  are  high- 
frequency  response  systems  with  a  frequency  response  of  1 00  to  1 ,000  Hz. 

Flowpath  Averaging  -  Pressures  and  temperatures  used  to  compute  engine  gas  generator  performance  parameters 
are  usually  area  averaged,  although,  mass  flow-averaged  schemes  are  sometimes  used.  In  all  instances,  individual  measure¬ 
ments  are  corrected  for  effects  such  as  recovery  factors,  flow  misalignment,  and  stem  and  radiation  corrections  prior  to 
averaging  or  use  in  computation.  Calculation  of  engine  perfonnance  parameters  requires  in  addition  to  averaged  pressures 
and  temperatures,  flow  thermodynamic  properties  (e.g.,  Ref.2.41)  and  calibration  factors  such  as  flow  coefficients,  burner 
efficiency,  and  turbine  mass  flow  function.  The  fluid  average  enthalpy  and  entropy  are  determined  as  functions  of  the 
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fluid  average  pressure,  temperature,  and  fuel/air  ratio.  The  specific  practices  used  for  each  engine  component  are 
described  in  the  following  paragraphs. 

Fan  flow  is  reduced  to  a  dry  air  state,  and  inlet  total  pressures  and  temperatures  are  area  averaged.  Fan  inlet  Mach 
number  is  calculated  using  an  area-averaged  total  pressure  and  temperature  and  the  numeric  average  of  the  wall  static 
pressures.  The  fan  discharge  pressure  and  temperature  is  completely  area  averaged  or  combined  with  mass  averaging.  For 
instance,  fan  tip  and  hub  exit  bulk  properties  are  determined  using  area-averaging  procedures.  However,  fan  exit  bulk 
pressure  is  determined  by  mass  flow-averaging  the  tip  and  hub  area-averaged  measurements,  and  fan  exit  bulk  temperature 
is  determined  by  an  energy  balance  of  the  tip  and  hub  area-averaged  measurements.  Fan  efficiencies  are  evaluated  using 
enthalpies  derived  using  an  area-averaged  total  pressure  and  temperature  and  calculated  gas  properties. 

Compressor  average  inlet  total  pressure  and  temperature  are  inferred  from  the  fan  exit,  or,  if  inlet  rakes  are  present, 
area  averaged.  Compressor  inlet  mass  flow,  as  previously  discussed,  is  calculated  in  one  of  the  three  ways;  usually, 
however,  the  mass  flow  is  determined  from  a  known  value  for  the  high-pressure  turbine  inlet  mass  flow  function. 
Compressor  exit  total  pressures  are  area  averaged  and  the  exit  total  temperature  is  either  area  or  numerically  averaged. 

Inlet  and  exit  Mach  numbers  and  efficiencies  are  calculated  in  the  same  manner  as  the  corresponding  fan  terms. 

The  combustor  (burner)  inlet  measurements  are  generally  obtained  from  the  compressor  exit  measurements. 
Combustor  discharge  total  pressure  is  the  numeric  average  of  the  burner  wall  static  pressure  measurements  while  burner 
discharge  temperature  is  calculated  by  one  of  two  methods.  The  first  temperature  method  uses  an  assumed  value  for  the 
burner  efficiency  and  an  energy  balance  across  the  combustor.  The  second  method  uses  measured  high-pressure  turbine 
discharge  conditions  and  a  high-pressure  compressor  and  turbine  work  balance.  The  latter  includes  an  assessment  of  the 
average  rate  of  energy  input  by  the  compressor  into  the  airstream,  the  available  and  unavailable  turbine  cooling  flow 
energy,  high-pressure  turbine  combustor  power  extraction,  and  the  high-pressure  spool  power  loss  from  inefficiencies 
such  as  friction. 

Turbine  inlet  conditions  are  obtained  either  from  measured  turbine  discharge  conditions  and  a  compressor-turbine 
work  balance,  or  from  burner  discharge  conditions  with  the  subsequent  addition  of  the  effect  of  turbine  cooling  flow 
available  for  turbine  work.  The  turbine  exit  total  pressures  are  area  averaged  and  the  exit  total  temperatures  either  area 
or  numerically  averaged.  On  occasion,  probe  measurements  at  the  exit  are  numerically  averaged  on  circumferential  rings 
and  the  ring  averages  area  weighted.  This  procedure  is  used  when  radial  flow  variations  are  considered  to  be  much  more 
severe  than  the  circumferential  variations.  Turbine  Mach  numbers  are  calculated  in  the  same  manner  as  those  of  the  fan 
and  compressor.  Turbine  efficiency  is  calculated  using  area-averaged  pressure  and  temperature,  and  calculated  gas 
properties. 

For  the  case  of  an  augmented,  twin-spool  turbofan  engine  having  a  single  exhaust  nozzle,  the  bypass  mass  flow  and 
the  core  engine  mass  flow  are  combined  prior  to  afterburning.  This  region  of  the  engine  is  referred  to  as  the  afterburner 
inlet  diffuser.  In  the  diffuser,  the  bypass  and  core  flow  bulk  properties  are  determined  using  area-averaging  procedures. 
The  diffuser  exit  bulk  pressure  is  determined  by  mass  flow  averaging  the  bypass  and  core  area-averaged  measurements,  and 
the  exit  bulk  temperature  is  determined  by  an  energy  balance  of  the  bypass  and  core  area-averaged  measurements. 

The  afterburner  inlet  flow  properties  are  determined  from  either  the  turbine  exit  properties,  afterburner  inlet 
diffuser  properties,  or,  if  measured,  using  area-averaging  methods.  The  exit  pressure,  if  measured,  is  area  averaged.  For 
the  case  with  afterburning,  the  average  exit  pressure  is  estimated  using  the  pressure  drop  characteristics  of  the  afterburner 
or  from  the  exit  wall  static  pressures  and  a  mass  flow  calibration.  The  average  afterburner  exhaust  total  temperature  is 
calculated  from  an  assumed  burner  efficiency  or  from  measured  exhaust  nozzle  thrust,  nozzle  thrust  coefficient,  and  mass 
flow.  The  exhaust  nozzle  inlet  flow  properties  are  determined  from  the  afterburner  exit  flow  property  evaluation.  The 
nozzle  exit  pressure  corresponds  to  the  measured  ambient  pressure. 

General  engine  flowpath-averaging  practices  used  at  the  various  governmental  test  centers  are  presented  in  Table  2. IV. 
References  2.42—2.46  give  a  more  detailed  description  of  some  of  the  experimental  facilities  and  practices  used  for 
turbine  engine  testing. 

2.5  ERROR  EVALUATION 

The  error  evaluation  process  for  flowpath  averaging  consists  of  assessing  both  the  flowpath  measurement  and 
averaging  error  and  propagation  of  this  error  into  an  engine  component  or  system  performance  error.  Such  estimates  are 
necessary  to  verify  that  the  experimental  results  will  be  meaningful  to  the  overall  program  performance  requirements.  In 
practice,  two  types  of  errors  are  generally  considered  —  measurement  uncertainty  and  sampling  error.  Measurement 
uncertainty  is  defined  (Ref.2.47)  as  the  maximum  error  which  might  reasonably  be  expected  and  is  a  measure  of  the 
closeness  of  the  measurement  to  the  true  value.  Uncertainty  assessment  consists  of  an  audit  of  the  random  (precision) 
and  fixed  (bias)  errors  from  the  measurement,  calibration,  data  acquisition,  and  data  reduction  processes  and  probe/tap 
fixed  errors  from  aerodynamic  and  thermal  effects  that  contribute  to  the  final  uncertainty  of  the  measured  value.  The 
assessed  measurement  errors  are  quantified  as  a  difference  between  the  measured  value  and  a  true  value  defined  by  a 
standard;  therefore,  all  measurement  apparatus  and  measurement  practices  must  be  traceable  to  a  recognized  standard. 
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Sampling  error  is  defined  as  that  error  in  an  averaged  property  which  is  the  result  of  limited  spatial  measurements  in  a 
distorted  flow  field.  There  are  both  steady-state  and  time-variant  sampling  errors. 

Comparative  accuracies  of  different  flow-averaging  methods  are  not  reported  in  the  literature,  possibly  because 
either  such  specialized  studies  have  not  been  documented,  or  the  results  are  too  user-dependent  meaning  that  the 
accuracies  are  only  applicable  to  the  user’s  equipment,  test  practices,  and  installation.  General  measurement  accuracies 
and  practices  used  to  evaluate  and  propagate  flow-averaging  measurement  and  sampling  errors,  however,  are  available  and 
are  presented  in  the  remaining  portion  of  this  chapter. 

Measurement  Uncertainty 

Methodology  (Ref. 2.47)  —  Measurement  uncertainty  evaluation  is  a  complex  process  which  requires  a  knowledge 
of  both  measurement  engineering  and  statistics.  Several  treatises  on  measurement  error  are  contained  in  the  literature 
(Refs  2.48-2.60).  In  the  United  States,  the  Abemethy-Thompson  uncertainty  evaluation  method  (NBS)  is  rapidly 
becoming  an  accepted  standard  evaluation  practice  for  US  Turbine  Engine  Industry  and  Test  Centers.  The  method 
is  relatively  simple,  yet  perceptive.  The  methodology  is  described  in  the  following  documents: 

JANNAF  “ICRPG  Handbook  for  Estimating  the  Uncertainty  in  Measurements  Made  with  Liquid  Propellant 

Rocket  Engine  Systems”.  CPIA  Publication  180,  AD  851 127,  and 

USAF  AEDC-TR-73-5,  “Handbook  Uncertainty  in  Gas  Turbine  Measurements”.  AD  755356  (Ref.2.47). 

The  Abernethy-Thompson  method  defines  the  maximum  error  (U)  that  can  reasonably  be  expected  for  a  single 
measurement  as  follows: 


±U  =  +(B  +  t9SS) 

where  B  is  the  upper  limit  of  the  bias  error  from  the  true  value,  S  is  the  precision  index,  which  is  an  estimate  of  the 
true  standard  deviation  of  repeated  values  of  the  measurement,  and  t9S  is  the  Student-t  statistical  parameter  at  the 
95-percent  confidence  level.  The  t9s  value  is  a  function  of  the  number  of  degrees  of  freedom  used  in  calculating  the 
precision  index.  (The  degrees  of  freedom  are  calculated  using  the  Welch-Satterthwaite  formula,  Reference  2.47.)  It  is 
a  function  of  the  degrees  of  freedom  and  magnitude  of  each  elemental  precision  index.  Flowpath-averaged  parameters, 
however,  are  not  single  measurements  but  are  determined  as  a  function  of  several  individual  measurements.  To  assess 
the  measurement  uncertainty  of  flowpath  parameters,  it  is  necessary  to  propagate  individual  measurement  uncertainties 
through  a  function  that  relates  the  flowpath  parameter  and  the  individual  measurements.  Abemethy  and  Thompson 
(Ref.2.47)  approximate  the  error  propagation  with  a  first-order  Taylor’s  series  method.  For  a  three-variable  function 


Z  =f(X,Y,W) 


and  expanding  the  right-hand  side  with  a  first-order  series  expansion  for  AZ  gives 

AZ  _  /  X  3Z  AX  Y  3Z  AY  W  3Z  AW 

z  Vz  ax  x  z  3Y  y  z  aw  w 


The  term  AZ/Z  expresses  the  error  propagation  to  Z  from  errors  represented  by  AX/X,  AY/Y,  and  AW/W.  The 
terms  X3Z/Z3X,  Y3Z/Z3Y,  and  W3Z/Z3W  are  defined  as  the  influence  coefficients  (lx,  etc.)  of  x,  y,  w  onz.  The 
final  measurement  uncertainty  for  the  function  z  is  then: 

±UZ  =  ±(Bz+t95Sz) 

where 

BZ  =  [lx  Bx  +  ly  By  +  Iy^  B^y] 1/2 

(Bz  ,  Bx,  By,  and  Byy  are  the  bias  errors  for  the  Z,  X,  Y,  and  W  component  terms,  respectively)  and  where 

SZ  =  Hx  SX  +  ly  Sy  +  %  Syy]  1/2 

(Sz  ,  Sx ,  Sy,and  Syy  are  the  precision  errors  for  the  Z,X,Y,and  W  component  terms,  respectively). 

Application  —  The  expression  for  flowpath  area-averaged  pressure  is  used  as  a  simple  example  for  the  application 
of  the  measurement  uncertainty  methodology  to  flowpath-averaged  parameters.  For  multiple  measurements  of  the 
same  pressure,  the  area-averaged  pressure  is  given  by 


_  =  /PtdA 


SPti  AA,  +  -  Ptn  AAn 


JdA 


A 
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For  the  case  of  equal  increments  of  AA, 

AA 

Pt  ~ 


S(ptl+-  -ptn)  =-2(pti+-.  Ptn)  . 


Using  the  error  propagation  method,  the  pressure  area  averaged  precision  error,  ,  is 


S-  = 

P 


n 


-  ]  (Sp)2  * 


■r-f. 


(sp) 


where  Sp  is  the  precision  error  for  the  individual  measurements.  Tile  pressure  area  averaged  bias  error  is  equal  to  the  bias 
error  (Bp)  of  the  individual  measurements  because  the  average  of  numerous  measurements  having  the  same  bias  does 
not  reduce  the  bias  error  of  the  averaged  value.  The  measurement  uncertainty  for  the  area-averaged  pressure  (for  equal 
increments  of  area)  is  given  by 


±UP 


Similarly,  the  measurement  uncertainty  for  a  mass  flow-averaged  pressure  or  for  any  calculated  parameter  can  be  defined 
providing  the  bias  and  precision  error  of  the  elements  are  estimated  and  that  the  influence  coefficient  matrix  for  the 
dependent  elements  is  evaluated.  The  influence  coefficient  matrix  can  be  developed  by  using  the  differential  equations 
which  interrelate  the  various  dependent  and  independent  variables;  or  by  using  the  engine  data  reduction  program  and 
perturbating  each  independent  variable,  in  turn,  by  1  percent  about  the  measured  value  to  determine  the  percentage 
change  in  each  dependent  parameter. 


Gas  turbine  influence  matrices  are  also  a  major  diagnostic  tool  used  by  engine  manufacturers  and  test  centers  to 
estimate  the  sensitivity  of  various  parameters  on  component  and  system  performance  (Refs  2.39  and  2.61).  Table  2.V 
is  an  example  from  Reference  2.62  of  an  influence  coefficient  matrix  for  sea-level  operation  of  a  gas  turbine  engine  having 
a  compressor  pressure  ratio  of  1 0.0  and  a  turbine  inlet  temperature  of  2 1 60°R.  The  boxes  within  each  column  contain 
parameters  immediately  obtainable  from  knowledge  of  the  compressor  pressure  ratio  and  turbine  inlet  temperature  and 
quantify  how  each  parameter  varies  with  the  independent  variable.  Therefore,  the  first  column  shows  the  sensitivity  of  an 
error  in  turbine  inlet  temperature  for  all  other  conditions  held  constant  to  the  various  engine  parameters,  the  second 
column  the  sensitivity  of  compressor  rotor  speed,  and  so  forth.  Nominal  measurement  uncertainties  for  some  of  the 
measurement  systems  used  to  derive  component  and  system  flow-averaged  performance  parameters  are  presented  in 
Tabic  2. VI.  The  measurement  uncertainty  levels  are  based  on  using  the  Abernethy-Thompson  model  with  all  measure¬ 
ments  traceable  to  the  National  Bureau  of  Standards.  The  type  of  information  in  Tables  2.V  and  2. VI  is  used  to  make 
both  pretest  and  posttest  performance  measurement  uncertainty  evaluations  and  to  determine  whether  proposed  flow 
measurement  systems  and  averaging  procedures  are  adequate  to  establish  performance  limits. 


Sampling  Error 

Flow-averaging  sampling  error  is  related  to  the  measured  property  distortion  pattern  and  the  number  of  flow 
measurements  for  a  given  spatial  area.  Due  to  the  ability  to  make  detailed  measurement  surveys,  sampling  error  generally 
is  minimal  for  isolated  component  testing;  however,  because  of  measurement  space  limitations,  it  is  an  important 
consideration  in  most  engine  system  experiments.  The  practices  for  estimating  probe  sampling  error  are  not  as  exacting  as 
those  of  measurement  uncertainty  and  are  best  discussed  by  example.  Figure  2.4  shows  a  representative  inlet  distortion 
pattern  for  a  low  bypass  turbofan  high-pressure  compressor  operating  at  a  cruise  power  setting.  The  max-min  distortion 
levels  for  both  pressure  and  temperature  are  4  percent;  wall  boundary  layers  are  not  included  in  the  flow  distortion 
patterns.  A  reference  flow  average  value  for  pressure  and  temperature  is  determined  by  area  integration  of  the  distortion 
patterns,  and  Figure  2.5  shows  the  local  percent  deviation  from  this  reference  value  as  a  function  of  circumferential 
position.  The  derivation  of  Figure  2.5  is  based  on  using  a  single  five-probe  rake  with  elements  on  equal  area  and 
illustrates  that  for  this  case,  the  maximum  sampling  error  possible  is  nominally  ±1  percent  for  temperature  and  ±0.6 
percent  for  pressure.  The  sampling  errors  can  be  propagated  through  an  influence  coefficient  matrix  to  estimate  the 
effect  of  sampling  error  on  component  and  engine  performance.  For  example,  using  the  engine  operating  conditions 
corresponding  to  Table  2.V,  a  1 -percent  bias  error  in  compressor  inlet  temperature  corresponds  to  a  2.1 6-percent  error 
in  engine  net  thrust  and  a  0.1 6-pcrcent  error  in  specific  fuel  consumption.  Figure  2.5  also  illustrates  the  percentage 
difference,  for  this  case,  in  area-weighted  and  mass  flow-weighted  flow  averaging. 

In  practice,  isolated  component  distortion  flow  patterns  from  test  rigs  are  assumed  to  be  representative  of  the 
component  flow  patterns  that  will  be  encountered  in  engine  system  tests.  Therefore,  the  component  flow  patterns  are 
used  to  judiciously  locate  engine  instrumentation  and  to  develop  engine  flow  correction  factors.  For  engine  flow  patterns 
with  high  distortion  levels  where  sampling  errors  are  more  of  a  problem,  flowpath  average  properties  are  determined,  if 
possible,  using  work  and  energy  balances  based  on  single  valued  measurements  such  as  mass  flow,  power,  and  thrust. 
Although  there  are  means  for  estimating  sampling  errors  in  highly  distorted  flow  fields,  this  is  still  considered  an  area 
requiring  further  development. 
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Fig. 2.1  Annular  swirl-can  combustor 
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Fig. 2. 3  Dual-stream  turbofan  engine  schematic  and  station  designation 
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Fig. 2.4  Representative  high  pressure  compressor  inlet  total  pressure  and 
total  temperature  distributions  (Ref.2.63) 
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Fig. 2. 5  Circumferential  variation  of  compressor  inlet  flow  averaged  properties  (Ref.2.63) 


TABLE  2.1  Compressor  Flowpath-Averaging  Practices 


Organization 

Performance 

Parameters 

Inlet  Parameters 

Outlet  Parameters 

Measured 

Averaged 

Measured 

Averaged 

Arnold 

Engineering 

Development 

Center 

NotCurr 

ntly  Engaged  In  Compressor  Com| 

onent  Testing 

Centre 
d'Essals  des 
Propulseurs 

Efficiency 

Pressure  Ratio 

Temperature  Ratio 

pt 

h 

Airflow 

pt  ) 

Urea  AVG 

T|  I 

pt 

Tt 

P(  Area  AVG 

Tt  S 

Deutsche 

Forschungs-und 

Versuchsanstalt 

fur 

Luft-und 

Raumfahrt 

Efficiency 

Pressure  Ratio 

Temperature  Ratio 

pt 

Tt 

Ps  (wall) 

Airflow 

Tt  ) 

Ts  >  Mass  AVG 

S  ) 

Ps  |  f(Ts,  SM1*I 

P,  }  f(Ps,  Ts,  Ttl  12) 

pt 

Tt 

Ps  (wall) 

Circumferential  Direction: 

All  Quantities  Area  Weighted 
Radial  Direction: 

Tt  ) 

Ts  >  Mass  AVG 

S  ) 

Ps  }f(Ts,  sim 

Pt  }  f(Ps,  Ts,  Tt)  (21 

National 

Gas  Turbine 
Establishment 

Efficiency 

Pressure  Ratio 

Temperature  Ratio 

Inlet  Distortion 

pt 

Tt 

Ps  (wall) 
Airflow 
Torque 

P(  !  Area  AVG 

Tt  ) 

Ps }  Numeric  AVG 

Pt 

Tt 

Ps  (wall) 

a 

pt  ) 

_  >  Mass  AVG 

Tf  ) 

Ps  }  Area  AVG 

National 
Aeronautics 
and  Space 
Administration 
(Lewis  Research 
Center) 

Distortion 

Efficiency 

Pressure  Ratio 
Temperature  Ratio 

Ps  (wall) 

pt 

h 

Airflow 

Ps }  Numeric  AVG 

Pt  }(3> 

T,  }  Ml 

Ps  (wall) 
pt 

Tt 

Ps  }  Numeric  AVG 

P(}(3I 

Tt  }  Ml 

*Numbcrs  in  parentheses  refer  to  numbered  footnotes  following  Table  2.1V. 


TABLE  2. II  Turbine  Flowpath-Averaging  Practices 


Organization 

Performance 

Parameters 

Inlet  Parameters 

Outlet  Parameters 

Measured 

Averaged 

Measured 

Averaged 

Arnold 

Engineering 

Development 

Center 

Not  Cur 

rently  Engaged  in  Turbine  Compo 

lent  Testing 

Centre 
d'Essals  des 
Propulseurs 

Efficiency 

Pressure  Ratio 
Temperature  Ratio 

pt 

Tt 

P(  f  Area  AVG 

Tt  S 

pt 

Tt 

^  !  Area  AVG 

Tt  ) 

Deutsche 

Forschungs-und 

Versuchsanstalt 

fur 

Luft-und 

Raumfahrt 

Efficiency 

Pressure  Ratio 
Temperature  Ratio 

Loss  Coefficient 

pt 

Tt 

Ps  (wall) 
Airflow 

Option  (OP. )  1. 

Circumferential  Direction: 

All  Quantities  Area  Avg 

Radial  Direction: 

Tt) 

Ts>  Mass  AVG 

S  ' 

Ps  }  f(Ts.  S)  (If 
pt  1  «ps.  Ts.  TtIIZI 

OP.  2.  "DZUNG  Method" 

pt 

Tt 

Ps  (wall) 

a 

OP.  1. 

Circumferential  Direction: 

All  Quantities  Area  Avg 

Radial  Direction: 

-  ) 

Ts  /  Mass  AVG 

S  \ 
a  / 

Ps  }  f(Ts,  S)  (1) 

pt  >  Hh  %,  Tt)  (2) 

OP.  2.  "DZUNG  Method" 

National 

Gas 

Turbine 

Establishment 

Efficiency 

Pressure  Ratio 
Temperature  Ratio 

pt 

Tt 

Airflow 

Ps  (wall) 

pt  ) 

_  }  Area  AVG 

Tt  ) 

Ps  Numeric  AVG 

pt 

Tt 

Ps(walll 

0 

Torque 

Tt  }  (171 

P4 }  (18) 

National 

Aeronautics 
and  Space 
Administration 
(Lewis  Research 
Centerl 

Total  Pressure  Ratio 

Static  Pressure  Ratio 
Efficiency 

Airflow 

Tt 

Ps  (wall) 

Ps  }  Numeric  AVG 

T(  }  Area  AVG 

Pt  }  (16) 

Airflow 

a 

Tt 

Ps  (wall) 

Rotor  Speed 
Torque 

Ps  }  Numeric  AVG 

Tt  }  (17)  or  (211 

Pt  }  (18) 
a  }  119) 

*Numbers  in  parentheses  refer  to  numbered  footnotes  following  Table  2.1V. 


TABLE  2. Ill  Combustor  Flowpath-Averaging  Practices 


Organization 

Performance 

Parameters 

Inlet  parameters 

Outlet  Parameters 

Measured 

Averaged 

Measured 

Averaged 

Arnold 

Engineering 

Development 

Center 

Efficiency 

Pressure  Loss 

Temperature  Rise 

b 

Tt 

Airflow 

Fuel  Flow 

Pt  i 

_  Mass  AVG 

Tt  ) 

Pt 

Ps  (wall) 

Gas  Analysis 

pt ) 

u  151* 

hl  ) 

rjfo)}  Mass  AVG 

Ps  }  Numeric  AVG 

Tt  j  (6) 

Centre 
d'Essals  des 
Propulseurs 

Efficiency 

Pressure  Loss 

Temperature  Rise 

Pt 

h 

Airflow 

Fuel  Flow 

P(  }  Area  AVG 

T|  }  Numeric  AVG 

Pt 

Tt 

Gas  Analysis 

Pt  }  Area  AVG 
f(  }  Numeric  AVG 

*♦ 

Deutsche 

Forschungs-und 

Versuchsanstalt 

fur 

Luft-und 

Raumfahrt 

Efficiency 

Smoke 

Exhaust  Emission 

Outlet  Distortion 

Pt 

h 

Ps(wall) 

Airflow 

Fuel  Flow 

Pt  ) 

Y  |  Area  AVG 

Pt 

Tt 

Smoke 

Gas  Analysis 

!!1  (  Area  AVG 

Tt(12)j 

National 

Gas 

Turbine 

Establishment 

Efficiency 

Pressure  Loss 

Outlet  Distortion 

Pt 

Tt 

Airflow 

Fuel  Flow 

P,  }  Area  AVG 

T(  }  Numeric  AVG 

Pt 

Tt 

Pstwall) 

Gas  Analysis 

P(  }  Area  AVG 

Tt  }  Numeric  AVG 

National 
Aeronautics 
and  Space 
Administration 
(Lewis  Research 
Center) 

Efficiency 

Pressure  Loss 

Distortion  Patterns 

Pt 

Tt 

Ps(wall) 

Airflow 

Fuel  Flow 

P(  1 

-  1  Mass  AVG 

Tt  ) 

Ps  }  Numeric  AVG 
^Distortion)}  Nonwelghted 

Pt 

h 

Ps  (wall) 

Gas  Analysis 

Pt  ) 

-  }  Area  AVG 

Tt  ) 

Ps  }  Numeric  AVG 

T((Distortion)}  Nonweighted 
)  Gas  Analysis 

Tt  (Option)  of  Unburned 

)  Hydrocarbons 

*  Numbers  in  parentheses  refer  to  numbered  footnotes  following  Table  2. IV. 
**Combustor  testing  done  at  Motoren-und  Turbinen-Union. 


TABLE  2. IV  Engine  System  Flowpath-Averaging  Practices 


a.  Compressor 


Organization 

Performance 

Parameters 

Inlet  Parameters 

Outlet  Parameters  | 

Measured 

Averaged 

Measured 

Averaged 

Arnold 

Engineering 

Development 

Center 

Efficiency 

Pressure  Ratio 

Temperature  Ratio 

pt 

Tt 

Ps(wall) 

Airflow 

Pt  I 

-  f  Area  AVG 

Tt  1 

Ps  }  Numeric  AVG 

pt 

Tt 

Ps  (wall) 

pt ) 

-  1  Area  AVG 

Tt  ) 

Ps  }  Numeric  AVG 

Centre 
d'Essals  des 
Propulseurs 

Efficiency 

Pressure  Ratio 
Temperature  Ratio 

Pt 

Tt 

Airflow 

Pt  }  Area  AVG 

Tf  }  Enthalpy  Mass  AVG 

pt 

Tt 

Pt  }  Area  AVG 

Tt  }  Enthalpy  Mass  AVG 

Deutsche 

Forschungs-und 

Versuchsanstalt 

fur 

Luft-und 

Raumfahrt 

Note 

urrently  Engaged  in  Engine  Syster 

Testing 

National 

Gas  Turbine 
Establishment 

Efficiency 

Pressure  Ratio 

Temperature  Ratio 

Pt 

Tt 

Ps(wall) 

Airflow 

Pt  }  Area  AVG 

Tt  ) 

p  }  Numeric  AVG 

pt 

Tt 

Ps  (wall) 

P(  }  Area  AVG 

(  Numeric  AVG 
ps  ) 

National 
Aeronautics 
and  Space 
Administration 
(Lewis  Research 
Center) 

Efficiency 

Pressure  Ratio 

Temperature  Ratio 

pt 

Tt 

Airflow 

Ps(wa!l) 

pt  i 

=  f  Mass  AVG 

Tt  1 

Ps  }  Numeric  AVG 

Pt 

h 

Ps(wall) 

Pt  ) 

^  |  Area  AVG 

Ps  }  Numeric  AVG 

TABLE  2.IV  Continued 


b.  Combustor 


Organization 

Performance 

Parameters 

Inlet  Parameters 

Outlet  Parameters 

Measured 

Averaged 

Measured 

Averaged 

Arnold 

Engineering 

Development 

Center 

Efficiency 

Burner  Loss 

pt 

Tt 

Ps  (wall) 

Airflow  (15)* 

Fuel  Flow 

Pt  ) 

Y  (  AreaAVG 

Ps  }  Numeric  AVG 

S !  ,b 

T)  }  flht,  Pt,  FAR)  161 

Centre 
d'Essais  des 
Propulseurs 

Outlet  Gas 

Temperature 

pt 

Tt 

Pjlwalll 

Airflow  (151 

Fuel  Flow 

pt  1 

■=  f  AreaAVG 

Tt  ) 

Ps  }  Numeric  AVG 

T,  }  (5)  &  (6) 

Deutsche 

Forschungs-und 

Versuchsanstalt 

fur 

Luft-und 

Raumfahrt 

Note 

urrently  Engaged  in  Engine  Syster 

n  Testing 

National 

Gas  Turbine 
Establishment 

Outlet  Gas 

Temperature 

pt 

Ps  (wall) 

Airflow  }  (151 
Fuel  Flow 

Pj  }  AreaAVG 

Ps  }  Numeric  AVG 

pt  ) 

T,  1  ,7' 

National 
Aeronautics 
and  Space 
Administration 
(Lewis  Research 
Center) 

Efficiency 

Burner  Loss 

Effective  Temperature  Rise 

pt 

Tt 

Airflow  }  (151 
Fuel  Flow 

Ps  (wall) 

Pt  ) 

-  >  AreaAVG 
]t  ) 

Ps  }  Numeric  AVG 

Tt  }  (5)  &  (6) 

♦Numbers  in  parentheses  refer  to  numbered  footnotes  following  Table  2.1V 


c.  Turbine 


Organization 

Performance 

Parameters 

Inlet  Parameters 

Outlet  Parameters 

Measured 

Averaged 

Measured 

Averaged 

Arnold 

Engineering 

Development 

Center 

Efficiency 

Pressure  Ratio 

Temperature  Ratio 

High 

Pres¬ 

sure 

P,  ) 

J  (51* 
ht  ) 

Tt  }  (fht,  Pt,  FAR)  (61 

Tt 

pt 

Ps  (wall) 

Tt  ) 

-  S  AreaAVG 
pt  ) 

Ps }  Numeric  AVG 

Low 

Pres¬ 

sure 

h 

pt 

P  s(wall) 

I*  }  AreaAVG 

pt  j 

Ps  }  Numeric  AVG 

pt 

h 

!  AreaAVG 
pt) 

Centre 
d'Essais  des 
Propulseurs 

Efficiency 

Pressure  Ratio 

Temperature  Ratio 

pt 

T( 

Pt  }  Area  AVG 

T|  }  Enthalpy  Mass  AVG 

pt 

Tt 

Pt  }  AreaAVG 

Tt  }  Enthalpy  Mass  AVG 

Deutsche 

Forschungs-und 

Versuchsanstalt 

fur 

Luft-und 

Raumfahrt 

NotC 

urrently  Engaged  In  Engine  Systen 

Testing 

National 

Gas  Turbine 
Establishment 

Efficiency 

Pressure  Ratio 

Temperature  Ratio 

High 

Pres¬ 

sure 

?!" 

pt 

Tt 

Ps  (wall) 

Pt  }  AreaAVG 

>  Numeric  AVG 

ps  J 

tow 

Pres¬ 

sure 

pt 

Tt 

P  stalll 

P(  }  AreaAVG 

Tt  ) 

_  >  Numeric  AVG 

ps  ) 

pt 

Tt 

Ps  (wail) 

Pt  }  AreaAVG 

J  i  Numeric  AVG 

ps  j 

National 
Aeronautics 
and  Space 
Administration 
(Lewis  Research 
Center) 

Efficiency 

Pressure  Ratio 

Temperature  Ratio 

High 

Pres¬ 

sure 

P<  |  <7, 

Tt  j 

pt 

Tt 

pt  1  AreaAVG 

Tt  J 

Low 

Pres¬ 

sure 

pt 

Tt 

P*  AreaAVG 

Tt  ) 

pt 

Tt 

j  AreaAVG 

Tt  j 

♦Numbers  in  parentheses  refer  to  numbered  footnotes  following  Table  2. IV 


TABLE  2.IV  Concluded 


d.  Afterburner 


Organization 

Performance 

Parameters 

Inlet  Parameters 

Outlet  Parameters 

Measured 

Averaged 

Measured 

Averaged 

Arnold 

Engineering 

Development 

Center 

Efficiency 

Burner  Loss 

Core 

pt 

h 

P*  Area  AVG 

Tt  ) 

Ps  (wall) 

Ptlno  reheat) 

Thrust 

Ps  }  Numeric  AVG 

Pt  (no  reheat)  }  Area  AVG 

Pt  (reheat)  }  (9) 
ft  }  (10)  or  (11)  &  (6) 

Bypass 

h 

Tt 

pt  ) 

_  f  Area  AVG 

h  j 

Mixed 

Fuel  Flow 

SI' 

Tt  }  ffPt,  ht,  FAR)  (6) 

Centre 
d'Essais  des 
Propulseurs 

Efficiency 

Burner  Loss 

Outlet  Gas 

Temperature 

Core 

pt 

Tt 

Fuel  Flow 

Pt  }  Numeric  AVG 
ft  }  Area  AVG 

Bypass 

pt 

Pt  }  Numeric  AVG 

Mixed 

Fuel  Flow 

Deutsche 

Forschungs-und 

Versuchsanstalt 

fur 

Luft-und . 
Raumfahrt 

Note 

urrently  Engaged  in  Engine  Syster 

Testing 

National 

Gas  Turbine 
Establishment 

Efficiency 

Outlet  Gas 

Temperature 

Core 

pt 

Tt 

Pstwalll 

Fuel  Flow 

Pt  }  Area  AVG 

T|  j  Numeric  AVG 

Ps  ) 

Ps(wall) 

pt 

Tt 

Ps  }  Numeric  AVG 

Tt  }  113)  or  114) 

Pt  }  Area  AVG  or  (18) 

Bypass 

pt 

Tt 

Ps(wall) 

Pt  }  Area  AVG 

?  !  Numeric  AVG 

Ps  ) 

Mixed 

Pt 

Tt 

National 
Aeronautics 
and  Space 
Administration 
(Lewis  Research 
Center) 

Burner  Loss 

Efficiency 

Effective  Temperature 

Rise 

Mach  (Inlet) 

Exhaust  Emission 

Airflow 

Fuel  Flow 

Tt 

Pt 

PS  (wall) 

J  !  Area  AVG 

Pt  ) 

Ps  ^  Numeric  AVG 

Pt 

Thrust 

Exhaust  Gas 

Analysis 

Pt  j  Area  AVG 

Tt  }  (20) 

*Numbers  in  parentheses  refer  to  numbered  footnotes  following  Table  2. IV. 


e.  Nozzle 


Organization 

Performance 

Parameters 

Inlet  Parameters 

Outlet  Parameters 

Measured 

Averaged 

Measured 

Averaged 

Arnold 

Engineering 

Development 

Center 

Flow  Coefficient 

Thrust  Coefficient 

Ps(wall) 

Ptlno  reheat) 

Ps  }  Numeric  AVG 

Pt  }  Area  AVG 

Tt  }  (10)  or  (ID  &  (6)^ 

Ps(atmos) 

Thrust 

Ps  }  Numeric  AVG 

Centre 
d'Essais  des 
Propulseurs 

Thrust  Coefficient 

Thrust 

Deutsche 

Forschungs-und 

Versuchsanstalt 

fur 

Luft-und 

Raumfahrt 

Note 

irrently  Engaged  in  Engine  System 

Testing 

National 

Gas  Turbine 
Establishment 

Flow  Coefficient 

Thrust  Coefficient 

Ps(walll 

Ps  }  Numeric  AVG 

Ps  (atmosl 

Thrust 

Ps  }  Numeric  AVG 

National 
Aeronautics 
and  Space 
Administration 
(Lewis  Research 
Center) 

Flow  Coefficient 

Thrust  Coefficient 

Ps  (wa  1 1 1 

Ptlno  reheat) 

Ps  }  Numeric  AVG 

Pt  }  Area  AVG 

Tt  }  (10)  or  (11)  &  (6) 

Ps(atmos) 

Thrust 

_ 

Ps  }  Numeric  AVG 

^Numbers  in  parentheses  refer  to  numbered  footnotes  following  Table  2. IV. 
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(1) 


(2) 

(3) 

(4) 

(5) 

(6) 
(?) 

(8) 


(9) 


(10) 

(11) 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

(19) 

(20) 
(21) 


(Index  o— reference) 


Pf  -Pt0(Vfs)rl 

Area-averaged  circumferentially,  then  radial  mass -averaged. 

Area-averaged  circumferentially,  then  radial  energy-balanced. 

Combustor  pressure  is  estimated  using  a  numeric  average  of  combustor  chamber  static  pressure  and  estimated  burner  Mach  number. 

Combustor  enthalpy  is  estimated  using  compressor  mass  flow  minus  turbine  cooling  and  leakage,  compressor  discharge  enthalpy,  measured 
fuel  flow,  and  combustion  efficiency. 

Temperature  obtained  from  thermodynamic  tables  for  specified  enthalpy,  pressure,  and  fuel-air  ratio. 

Calculated  using  air  flow,  fuel  flow,  and  combustion  efficiency. 

Pt  -  { in A  (5)  4  P  (5)  +  mA  (16) 4  Pt(l6) } /  rht 

h( "  jmA(5) 4  h((5)  +  mA (16) 4  rn(l6)}/rh( 


Pt(reheat)  Pt(reheat) 


t(reheat)  / 

L(  Pt(no  reheat)  )cAl 


AP. 


t(drag) 


where 


t(reheat) 

P 

t(no  reheat) 


is  evaluated  using  Rayleigh  line  heat  addition. 


'CAL 


Tt  -  [V(7)]2/  (2y  R/l  -  y)  ]  1  -  --(r_eheat>  Y  [ 

ps  ’ 

Next,  calculate  thrust  based  on  T(;  continue  iteration  until  set  tolerance  for  difference  in  measured  and  calculated  thrust  is  not  exceeded. 
Afterburner  Energy  Balance.- 

fo(7)  4  ht(7)  4  ih(62)  4  ht  (7)  +  mF  (6)  { (ht)F  (6)  +  77  (6)  4  FHV} 

A  theoretical  heat  balance  model  is  used  to  correct  each  individual  measured  temperature  for  pressure,  air-fuel  ratio,  radiation,  heat 
conduction,  and  recovery  factor  prior  to  averaging. 

Calculated  using  thrust  and  mass  flow. 

Calculated  using  area-averaged  measured  total  pressure,  flowarea,  and  mass  flow. 

Core  flow  is  calculated  using  a  high-pressure  turbine  flow  function  or  from  a  compressor -turbine  work  balance. 

Pj  is  calculated  using  averaged  inlet  total  temperature,  inlet  static  pressure,  and  measured  airflow. 

Tt  used  to  calculate  turbine  exit  average  total  pressure  is  calculated  using  an  area-averaged  turbine  inlet  temperature,  specific  enthalpy 
drop  obtained  from  measured  torque,  rotor  speed,  and  air  flow. 

Pt  is  calculated  using  torque-derived  Tt  (17),  numeric-averaged  Ps,  energy-averaged  exitflow  angle  (21),  and  measured  air  flow, 
a  is  the  area-averaged  flow  angle. 

Tt  is  calculated  using  measured  thrust,  exit  total  pressure,  measured  airflow,  and  measured  fuel  flow. 

Tt  is  used  to  calculate  an  energy-averaged  turbine  exit  flowangie  and  is  calculated  using  a  mass  enthalpy  average. 


Footnotes  Pertaining  to  Tables  2.1  Through  2.IV 
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TABLE  2.V  Influence  Coefficient  Chart  (Ref.2.62) 


(Compressor  Pressure  Ratio  =  10,  Burner  Inlet  Temperature  =  2l60°R, 

Flight  Altitude  =  0  ft,  Flight  Mach  No.  =  0) 

Parameter 

Turbine  Inlet 
Temperature 

Compressor 

Speed 

Compressor  Inlet 
Temperature 

Compressor  Inlet 
Pressure 

Ambient 

Pressure 

Compressor 

Bleed 

Compressor 

Flow 

Compressor  Adiabatic 
Efficiency 

Relative  Burner 
Pressure  Loss  (AP/P) 

Turbine  Inlet 
Nozzle  Area 

Turbine  Inlet  Temperature 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Compressor  Speed 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

Compressor  Flow 

0 

2 

-1.5 

1 

1 

0 

1 

0 

0 

0 

Compressor  Exit  Temperature 

0.17 

0.67 

0.53 

0 

0 

0.33 

0.33 

-0.55 

0.34 

-0.33 

Compressor  Exit  Pressure 

0.5 

2.0 

-1.5 

1 

1 

1 

1 

0 

1.04 

-1 

Fuel  Flow 

1.81 

1.36 

-2 

1 

1 

0.68 

0.68 

0.53 

-0.33 

0.32 

Turbine  Flow 

o 

2 

-1.5 

1 

1 

1 

1 

0 

0 

0 

Turbine  Exit  Temperature 

1.25 

-0.43 

-0.04 

0 

0 

0.14 

-0.21 

0.36 

-0.22 

0.21 

Turbine  Exit  Pressure 

1.5 

0.28 

-1.64 

1 

1 

1.5 

014 

1.43 

-0.86 

-0.14 

Engine  Exhaust  Nozzle  Area 

-0.86 

1.5 

0.12 

0 

0 

-0.5 

0.75 

-1.25 

0.80 

0..25 

Net  Thrust 

1.19 

1.89 

-2.16 

1. 38 

1 

1.65 

0.95 

0.72 

-0.43 

0.05 

Turbine  Power 

2.38 

1.79 

-2. 77 

1.  75 

1 

2.32 

0.89 

1.43 

-0.86 

0.11 

Specific  Fuel  Consumption 

0.62 

-0.53 

0.16 

-0.38 

0 

-0.97 

-0.27 

-0.19 

0.1 

0.27 

TABLE  2. VI  Typical  Measurement  Uncertainties  for  Parameters  Used  in 
Turbine  Engine  Flow  Averaging 


Parameter 

Steady-State  Uncertainty 

(Percent  of  Reading,  Unless  Units  Are  Designated) 

Scale  Force 

0.5 

Torque 

0.5 

Air  Flow 

0. 5  to  2 

(Venturis  and  Metering  Nozzles) 

2  to  5 

(Uncalibrated  Orifices) 

Core  Flow 
(Turbofan  Engine) 

2  to  4 

Fuel  Flow 

0. 5  to  1 

Pressure 

0. 3  to  1 

Temperature 

2°F  Plus  0.3  Percent  of  Reading 

Rotor  Speed 

0. 3  to  0. 5 

Exhaust  Nozzle  Area 

1 

Flow  Angles 

1  Degree 
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Chapter  3 

THEORETICAL  CONSIDERATIONS  ON  AVERAGING 


SUMMARY 

In  Section  3.1  the  physical  contents  of  averaging  procedures  are  discussed  in  great  detail. 

Two  groups  of  averaging  methods: 

—  averaging  methods  based  on  “Integral  System  Effects”  and 

—  averaging  methods  based  on  “Complete  Equilibrium” 

are  considered,  which  differ  in  principle. 

The  second  group  is  practical  only  for  swirl-free  channel  flow  with  constant  cross 
section  and  for  two-dimensional  cascade  flow.  Additionally  Dzung’s  “Consistent  Averaging 
Method”,  which  can  be  added  neither  to  the  first  nor  to  the  second  group,  is  treated. 

After  considerable  discussion  of  the  suggestion  of  W.Traupel  in  the  first  group  and  the 
method  of  L.S.Dzung  for  averaging  in  turbomachinery  flow,  from  the  theoretical  point  of 
view  Dzung’s  procedure  needs  no  correction  factors.  It  is  identical  to  the  averaging  method 
based  on  “Complete  Equilibrium”  when  applied  to  swirl-free  channel  flow  with  constant 
cross  section  as  well  as  to  two-dimensional  cascade  flow. 

In  Section  3.2  a  method  is  proposed  which  leads  to  averaged  quantities  intended  to 
represent  the  usefulness  or  the  function  of  the  engine  component  located  downstream  of  the 
nonuniform  flow  considered.  First  the  general  method  is  discussed  which  uses  the  concept 
of  a  uniform  flow  “equivalent”  to  the  real  flow. 

The  method  is  based  on  the  following  principles: 

(a)  take  into  account  the  specific  character  of  each  component  of  a  turbojet/fan. 

(b)  ensure  coherence  between  the  various  components  of  an  engine. 

For  application  to  an  engine  it  is  necessary  to  choose  for  each  component  a  significant 
performance  parameter  or  parameters. 

The  method  is  then  described  in  detail  for  the  different  turbine  engine  components: 
exhaust  nozzle,  turbine,  compressor  or  fan,  combustor,  after  burner  channel,  diffuser,  and  air 
inlet.  Simplified  formulae  applicable  to  a  calorifically  perfect  gas  are  also  presented. 

In  the  following  chapters  the  method  presented  here  is  usually  called  Pianko’s  Method. 


3 .1  REPRESENTATION  OF  SYSTEM  ACTION  BY  AVERAGED  QUANTITIES 
Nomenclature 

The  notation  in  this  section  is  consistent  with  the  general  nomenclature  provided  at  the  beginning  of  this  report. 
In  addition  the  following  symbols  and  indices  are  used: 

a*g  critical  velocity  of  sound 

B  non-dimensional  momentum  function 

Cq  specific  heat  capacity  of  an  incompressible  fluid 

Cv  specific  heat  capacity  at  constant  volumef 

D  swirl  flow 


t  In  addition  to  the  meaning  given  in  the  general  nomenclature. 
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e 

ean 

E 

^Rot 

Eex 

^an 

f 


hRot 

i 

k 

M* 

P 

Pmech 


A 

X 


v 

v 

a 


* 

Indices 

Ax 

B 

C 

D 

E 

H 

I 

n 

P 

r 

is 


unit  tensor 
specific  “anergy” 
energy  flux 

energy  flux  in  rotating  relative  system 
“exergy”  flow 
“anergy”  flow 
body  force 

abbreviation  for  certain  integrals  in  Equations  (128)  and  (129) 

specific  rothalpy 
momentum  flux 
isentropic  exponent 
critical  Mach  number 
cascade  spacing 
mechanical  power 

added  or  removed  heat  energy  per  unit  time 

specific  internal  energy 

internal  energy 

specific  volume 

volume 

added  or  removed  mechanical  work  per  unit  time 
Cartesian  coordinates 


Cylindrical  coordinates 

real  gas  factor 

correction  factors 

shear  viscosity 
volume  viscosity 
heat  conductivity  coefficient 
hub  to  tip  ratio 
exponent  in  Equation  (6) 
isentropic  pressure  function 
stress  tensor 

non-dimensional  flow  function 
specific  dissipation 


in  axial  direction 
hub 

based  on  continuity 
based  on  swirl 
based  on  energy 
outer  casing 
based  on  momentum 
normal 

at  constant  pressure 
in  radial  direction 
at  constant  entropy 
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t  tangential  to  the  cascade  front* 

T  at  constant  temperature 

Symbols 

(  )  average  valuef 

(  )*  non-dimensional  value 

( _ )  vector 

(__)  tensor 

General 

In  order  to  be  able  to  treat  the  aerodynamic  and  thermodynamic  processes  in  a  fluid  flow  with  the  aid  of 
elementary  stream  tube  theory,  it  is  necessary  to  establish  representative  average  values  for  the  surfaces  of  a  fixed  control 
volume.  These  average  values  describe  correctly  the  integral  effect  of  the  fluid  flowing  through  this  control  volume.  This 
problem  arises  not  only  in  the  interpretation  of  test  results,  but  also  during  the  aerodynamic  design  of  components. 

Although  each  theoretical  treatise  for  the  formation  of  physically  sensible  average  values  starts  from  the  idea  that 
the  non-homogeneous  flow  conditions  in  the  control  surface  are  fully  known,  this  condition  often  presents  considerable 
difficulties  in  practical  test  rigs.  The  arguments  resulting  therefrom,  which  are  more  concerned  with  practical  matters  in 
the  formulation  of  rules  for  averaging,  are  not  examined  at  this  point.  Thus,  the  following  arguments  always  assume  that 
the  non-homogeneous  flow  conditions  are  known  accurately, 

The  averaging  methods  given  in  the  literature  can  be  divided  in  principle  into  two  groups. 

The  first  group  relies  only  on  averaging  definitions  which  represent,  qualitatively  and  accurately,  the  “Integral 
System  Effects”  of  interest.  Here  an  attempt  is  made  to  satisfy  an  additional  condition,  namely,  to  establish  basic 
equations  by  means  of  average  values  with  as  few  correction  factors  as  possible. 

In  the  second  group,  the  non-homogeneous  flow  state  in  the  measurement  or  calculation  plane  is  converted  into  a 
state  of  “Complete  Equilibrium”  with  the  aid  of  the  conservation  laws  for  mass,  momentum  and  energy.  This  condition 
should  be  attained  asymptotically  in  an  infinitely  long  settling  channel,  because  of  the  viscosity  of  the  fluid,  if  the  fluid 
does  not  stick  to  the  wall  but  moves  along  without  friction. 

3.1.1  Averaging  Method  Based  on  “Integral  System  Effects” 

In  this  method  of  averaging,  the  attempt  is  made  primarily  to  represent  the  “Integral  System  Effects”  of  interest 
by  representative  average  values.  As  a  reasonable  additional  condition,  the  requirement  is  made  to  use  as  few  correction 
factors  as  possible  in  the  formulation  of  the  conservation  laws  by  means  of  the  defined  average  values. 

The  suggestions  contained  in  the  literature  which  belong  to  the  first  group  of  averaging  methods  limit  themselves 
almost  exclusively  to  swirl-free  channel  flow  and  to  three-dimensional  turbomachinc  flow.  Since  two-dimensional 
cascade  flow  can  be  considered  as  a  special  case  of  three-dimensional  turbomachinc  flow,  it  will  not  be  treated  specially 
in  this  presentation. 

In  the  following  discussions  it  is  assumed  that  the  thermodynamic  behaviour  of  the  fluid  is  always  known.  For 
that  reason,  the  most  important  equations  of  state  for  the  two  idealizations  —  incompressible  fluid  and  ideal  gas,  with 
consideration  of  the  temperature  dependency  of  the  specific  heats  —  have  been  assembled  in  Table  3.1 .1  with  the  help 
of  the  so-called  thermodynamic  functions.  Taking  into  account  the  temperature  dependencies  of  the  specific  heats  by 
means  of  average  values,  it  should  be  pointed  out,  in  contrast  to  Reference  3.1.1  that  these  average  value  formulations 
are  not  a  part  of  the  problem  area  of  the  averaging  methods. 

In  order  to  point  out  clearly  the  problems  encountered  in  averaging  methods  based  on  “Integral  System  Effects”, 
the  discussion  will  centre,  as  far  as  possible,  on  swirl-free  channel  flow.  Then,  in  the  presentation  of  the  three- 
dimensional  turbomachine  flow,  only  additions,  (i.e.  problems  specific  to  turbo  machines)  will  be  discussed. 

3. 1.1.1  Swirl-Free  Channel  Flow 

In  connection  with  the  multitude  of  experimental  investigations  of  channel  flows,  the  literature  contains  almost 
as  many  suggestions  for  averaging  methods.  Table  3. 1  .II  shows  a  comparison  between  the  three  different  suggestions 
according  to  References  3.1.2  to  3.1 .5  which  clearly  show  the  problems  encountered  in  the  choice  of  primary  average 
values,  as  they  result  from  averaging  specifications  as  well  as  from  the  problems  with  the  average  values  thus  derived, 
including  the  necessary  correction  factors. 

*  In  addition  to  meaning  according  to  general  nomenclature, 
t  Contrary  to  the  general  nomenclature  a  single  bar  denotes  all  average  values. 
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Since  it  is  desired  to  describe  correctly  the  “Integral  System  Effects”  by  means  of  “representative”  average  values, 
it  makes  sense  to  start  the  discussion  with  the  three  conservation  laws  for  mass,  momentum  and  energy  in  integral  form. 
If  one  neglects  the  normal  and  tangential  stresses  in  the  inlet  and  exit  plane  of  the  control  volume  resulting  from  fluid 
viscosity,  the  three  basic  equations  take  the  following  forms  for  the  steady  channel  flow  shown  in  Figure  3.1.1 : 

continuity  equation 

fPseVedAe-  /  PsiVjdAj  =  0,  (1) 

Ae  A; 

momentum  equation 

I  (Pse  +  Pse  Ve2)  dAe  -  /  (Psi  +  psi  V?)  dAj  =  2F  ,  (2) 

Ae  A  j 

energy  equation 

J  ^se  d  ~)pseVedAe  —  J  ^hsj  +  — ^ps;VjdAj  =  Qj— e  .  (3) 

Ae  Aj 

Without  limiting  the  general  validity,  the  effect  of  the  thermodynamic  pressure  in  the  inlet  and  exit  plane  has  been 
included  in  the  surface  integrals  for  both  the  momentum  and  energy  equations.  Thus  the  enthalpy  term  appears  in 
Equation  (3). 


For  swirl-free  one-dimensional  channel  flow  of  a  chemically  homogeneous  fluid,  three  averaging  specifications  are 
sufficient  to  determine  two  average  values  of  internal  state  values  in  addition  to  the  value  of  the  average  velocity,  the 
only  external  state  value.  All  other  static  as  well  as  total  state  values  can  be  calculated  as  derived  average  values  with  the 
help  of  the  thermodynamic  relations.  The  following  averaging  specifications  can  be  deduced  from  the  conservation  laws 
according  to  Equations  (1)  to  (3): 


average  static  pressure 

Ps: 

average  static  enthalpy 


j  (p-dA' 


he:  = 


j^hspsVdA 
J  psVdA 


average  velocity 


V:  = 


Thus  the  average  density 


//A  PsV^dA 

PsA 


Ps  Ps(hs  >  Ps) 


(4) 


(5) 


(6) 


(V) 


is  a  derived  average  value.  Depending  on  the  choice  of  the  exponent  v  =  1,  2,  or  3 ,  the  average  velocity  is  either  a 
continuity,  momentum,  or  energy  average  value.  Independent  of  the  chosen  averaging  specification  for  the  average 
velocity,  two  correction  factors  are  needed  in  order  to  represent  correctly  the  velocity  integrals  in  the  conservation  laws 
by  means  of  the  velocity  average  value.  While  the  suggestions  compared  in  Table  3.1  .II  use,  in  a  further  sense,  only 
average  continuity  values  for  the  average  velocity,  whereby  only  the  suggestion  of  J.L.Livesey  and  T.Hugh  according  to 
Reference  3.1 .3  satisfies  exactly  Equation  (6)  for  v  =  1 ,  the  conservation  laws  are  shown  in  Table  3.1. Ill  with  the  aid 
of  an  average  velocity  based  on  continuity,  momentum  and  energy  including  the  necessary  correction  factors. 

As  far  as  the  average  value  definitions  for  the  two  internal  state  values  are  concerned,  in  Table  3.1  .II  the  three 
authors  use  the  averaging  specification  given  in  Equation  (5)  for  the  average  static  enthalpy.  However,  there  are 
differences  in  the  choice  of  a  second  average  state  value  to  be  defined.  Thus  A.J.W. Smith  in  Reference  3.1.2  and,  by 
implication  also  R.D. Tyler  in  Reference  3.1.5,  employ  an  area-averaged  static  pressure  according  to  Equation  (4), 
provided  that  the  assumption  Ps  =  Ps  =  constant  made  by  R.D. Tyler  is  a  result  from  Equation  (4).  The  average  density, 
unnecessarily  defined  by  A.J.W.Smith  and  R.D. Tyler  as  a  third  internal  state  value,  leads  to  additional  correction  factors 
being  needed  in  both  suggestions,  as  shown  in  Table  3. 1  .II. 
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The  averaging  method  suggested  by  W.Traupel  in  Reference  3.1.6  (2nd  edition)  for  turbomachine  flow  also  uses  the 
average  static  pressure  and  the  average  static  enthalpy  as  primary  average  values  for  the  internal  state.  Applied  to  swirl- 
free  channel  flow,  the  averaging  specifications  given  by  W.Traupel  for  Ps  and  hs  are  identical  to  those  in  Equations  (4) 
and  (5).  In  place  of  the  continuity  average  value  for  the  average  velocity,  W.Traupel  (Reference  3.1.3,  2nd  edition) 
prefers  the  momentum  average  values  for  the  average  velocity  vectors,  in  consideration  of  the  kinematic  relationship 
between  absolute  and  relative  flow,  which  is  relevant  for  turbomachine  flow.  According  to  Equation  (6),  v  =  2 
corresponds  to  one-dimensional  channel  flow. 


Deviating  from  the  area-averaging  static  pressure  as  a  result  of  the  momentum  equation,  H.E.Rosslenbroich  gives 
the  following  averaging  specification  for  Ps  in  Reference  3.2.1 . 


Ps- 


(8) 


This  averaging  suggestion,  obviously  deduced  from  the  moment  of  momentum  equation  has  no  practical  significance  for 
turbomachines. 


In  contrast,  Table  3. 1. II  contains  the  suggestion  of  J.L.Livesey  and  T.Hugh  (Ref.3.1.3)  which  uses  the  mass-averaged 
static  entropy  s  in  place  of  the  area-averaged  static  pressure  Ps 


s: 


fA  spsVdA 


(9) 


as  a  second  internal  state  value.  Then  all  other  average fliermodynamic  state  values  are  functions  of  hs  and  s.  This  is 
valid  especially  for  the  average  static  pressure  Ps  =  Ps  (hs ,  s ).  In  the  formulation  of  the  momentum  law  according  to 
Equation  (2)  using  Ps  =  Ps  (hs,s)  the  correction  factor  a  becomes  necessary,  see  Table  3.1. II. 

This  procedure  is  also  used  by  W.Traupel  (Reference  3. 1 .6,  2nd  edition)  as  a  method  for  average  value  formation  for 
the  internal  state.  Beyond  that,  in  reference  3.1.6  (3rd  edition)  it  is  suggested  that  the  mass  average  of  the  specific 
volume  vs  be  utilized  as  an  extensive  state  value.  For  the  simple  case  of  swirl-free  channel  flow,  the  averaging  specification 
becomes 


v 


(10) 


Because  vs  =  1  /ps ,  Equation  (1  0)  is  identical  to  the  averaging  specification  for  the  average  density  ps  of 
A.J.W.Smith  in  Reference  3.1 .2,  see  Table  3.1  .II. 

Because  the  simultaneous  use  of  the  average  values  defined  in  Reference  3.1.6  (3rd  edition)  —  Ps  from  Equation  (4), 
hs  from  Equation  (5),  s  from  Equation  (9),  and  vs  from  Equation  (10)  -  would  require  additional  correction  factors 
in  the  thermodynamic  equations  of  state,  W.Traupel  recommends  the  following  three  methods: 

(a)  Ps  from  Equation  (4)  and  hs  from  Equation  (5) 

-*■  vs  =  vs(Ps,  hs),  s=s(Ps,hs) 

(b)  hs  from  Equation  (5)  and  s  from  Equation  (9) 

-*■  vs  =  vs  (hs ,  s) ,  Ps  =  Ps  (hs ,  s) 

(c)  vs  from  Equation  (10)  and  hs  from  Equation  (5) 

**  Ps  =  ‘'s (hs  >  Ts ) ,  s  =  s(hs ,  vs) 

for  the  determination  of  the  average  internal  state.  The  fact  that  the  two  derived  average  state  values  do  not  satisfy  the 
averaging  rules  that  belong  to  them  is  demonstrated  in  Reference  3.1.6  (3rd  edition)  in  the  following  idealized  example. 

Two  equal  mass  flows,  with  different  temperatures  and  thus  with  different  static  enthalpies  hs]  and  hs2,flow 
through  a  cross  section  in  which  the  static  pressure  is  constant.  Figure  3.1 .2  shows  the  qualitative  result  for  the  average 
internal  state  resulting  from  the  three  methods. 

Especially  noticeable  is  the  difference  in  the  average  entropy  values  between  methods  a  and  b.  If  it  is  imagined  that 
the  mixing  process  again  occurs  in  a  surface  of  discontinuity,  method  b  includes  no  irreversible  mixing  losses,  because  the 
averaging  rule  for  the  static  entropy  can  be  interpreted  as  a  conservation  law  for  the  surface  of  discontinuity.  On  the 
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other  hand,  the  entropy  difference  between  points  A  and  B  only  represents  an  irreversible  increase  in  entropy  of  the  real 
mixing  process  if  the  kinetic  energies  in  the  two  side  streams  are  neglected.  Since  the  differences  in  the  average  internal 
state  are  very  small  for  this  idealized  example  and  in  most  cases  they  lie  below  the  tolerance  of  measurements,  W.Traupel 
(Reference  3.1 .6,  3rd  edition)  recommends  procedure  a,  which  excels  in  its  practical  utilization. 

Normally  the  evaluation  of  the  aerodynamic  quality  of  a  system  rests  with  the  second  law  of  thermodynamics.  Here 
it  must  be  checked  which  quantitative  statement  with  regard  to  the  irreversibilities  arising  within  a  system  is  possible, 
using  the  mass-averaged  entropy  from  Equation  (9)  directly  for  the  determination  of  the  internal  state. 

The  mechanical  work  i/q_ e 


dissipated  into  internal  energy  along  a  stream  line  depends,  as  does  the  irreversible  portion  of  the  path-dependent  integral 
/■e 

J  Ts  Ds,  on  the  conditions  between  inlet  and  exit  of  the  system.  Thus  the  “representative”  average  value  of  the  dissipa¬ 
tion  \p j_e  cannot  be  accurately  described  quantitatively  with  the  aid  of  the  entropy  flows. 

Even  in  the  case  of  an  incompressible  fluid,  the  relation  for  specific  dissipation  becomes 


’/'i-e 


(12) 


This  is  valid  only  for  adiabatic  isoenergetic  flow  along  the  individual  stream  lines  and  a  completely  homogeneous 
inlet  state.  Only  in  that  case  is  it  possible  to  follow  the  individual  fluid  elements  along  their  stream  lines.  Assuming  a 
homogeneous  inlet  state  for  a  compressible  fluid,  such  as  is  often  the  case  in  rig  tests  of  single  components,  an  additional 
approximation  to  the  real  changes  in  state  becomes  necessary.  The  approximation  may  be  a  polytropic  change  in  state 
along  the  stream  lines.  Because  of  the  additional  limiting  condition  of  homogeneous  inlet  conditions  and  because  the 
information  from  two  measuring  or  calculation  planes  is  needed,  this  method  of  average  value  formation  will  not  be 
treated  within  this  section. 

On  the  other  hand,  the  entropy  flow  only  appears  in  the  “exergetic”  and  the  “anergetic”  portion  of  the  energy 
flow.  In  contrast  to  the  physical  interpretation  of  the  mass-averaged  specific  entropy  with  the  aid  of  the  “exergy”  flow, 
as  given  by  J.L.Livesey  and  T.Hugh  in  Reference  3.1.3,  here  we  prefer  the  “anergy”  flow.  The  reason  is  that,  according 
to  the  second  law  of  thermodynamics,  which  limits  energy  conversion,  the  “anergetic”  portion  of  the  energy  flow  can  no 
longer  be  converted  to  mechanical  energy  and  thus  must  be  considered  as  a  real  loss.  According  to  Reference  3.1.7, 
where  H.J.Baehr  describes  the  quantitative  formulation  of  the  second  law  by  means  of  the  terms  “exergy”  and  “anergy”, 
the  exergetic  portion  of  the  energy  flow  for  swirl-free  channel  flow  becomes 

Eex;  =  /{y  +[hs-h0-T0(s-s0)]JpsVdA.  (13) 

h0  and  s0  are  determined  by  the  ambient  pressure  p0  and  the  ambient  temperature  T0  .  The  kinetic  energy  represents 
pure  “exergy”  and  the  expression  in  the  square  brackets  is  the  “exergetic”  portion  of  the  specific  static  enthalpy.  The 
“anergetic”  portion  of  the  energy  flow  is  given  by  the  difference  between  energy  and  “exergy”  flow 

Ean :  =  j^[h0  +  T0(s-s0)]psVdA.  (14) 

With  the  mass  flow 

m  =  /  psVdA  (15) 

A 

Equation  (14)  becomes 

Ean  =  h0rh  +  T0  /  spsVdA  —  T0s0m  .  (16) 

A 

If  we  introduce  the  average  specific  entropy  s  from  Equation  (9)  into  Equation  (1 6),  then  we  can  represent  the  “anergy” 
flow 


Ean  =  [h0  +  T0(s  — s0)]m  (17) 

by  means  of  average  values.  Thus  with  the  average  specific  entropy  it  is  possible  to  determine  only  the  “anergy”  increase, 
or  the  “exergy”  decrease.  Thus,  for  the  only  possible  “anergy”  increase  between  inlet  and  exit  of  the  system,  we  get 
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A^an  ~  T0(se  —  Sj)m  >0  . 

In  Figure  3.1 .3,  for  adiabatic  flow,  the  specific  dissipation  _ e 


as  well  as  the  increase  in  “anergy”  Aean 


(18) 


(19) 


Aean  =  T0  (se  —  sj)  (20) 

are  shown  along  a  stream  line  in  the  T,s  diagram.  Here  it  is  very  noticeable  that  the  irreversible  increase  in  “anergy” 
decreases  with  increasing  temperature  level  where  the  energy  dissipation  takes  place. 

Hence,  it  follows  that  no  quantitative  statement  about  the  mechanical  work  dissipated  into  internal  energy  can  be 
made  as  a  result  of  the  “anergy”  increase. 


In  conjunction  with  Reference  3.3.3,  the  practical  application  of  the  mass-averaged  specific  entropy  will  be 
explained  with  the  aid  of  the  thermodynamic  functions  shown  in  Table  3.1 .1  for  an  incompressible  fluid  and  for  an  ideal 
gas;  the  temperature  dependency  of  the  specific  heats  will  be  taken  into  consideration. 


Assuming  that  during  a  change  in  state  of  the  system  under  consideration  the  fluid  composition  does  not  change, 
then  the  integration  constant  s0  for  an  arbitrary  reference  state  can  be  set  equal  to  zero  in  the  equation  of  state  for  the 
specific  entropy  (Table  3.1.1): 

incompressible  fluid  s0(T0)  =  0, 
ideal  gas  s0(p0,  T0)  =  0  . 

Then,  the  rule  for  averaging  for  the  incompressible  fluid,  using  Equation  (15)  becomes 


For  the  ideal  gas  we  get 


»(T)  =  —  / 


s*(T)psV  dA 


1 

ih 


PsVdA  . 


Since  the  ratio  of  the  total  state  to  the  static  state  is  isentropic,  we  get  the  following  equation 


s 

R 


In 


MTtA  _ 

Pt/Po 


"I 


1  f 

m  4  V  Pt/P0 


PsVdA  . 


(21) 


(22) 


(23) 


Equations  (22)  and  (23)  can  be  used  optionally  if,  for  the  determination  of  Tt,  either  the  energetic  average  value  of 
the  velocity  or  the  particular  necessary  correction  factor  is  taken  into  account  from  Tables  3. 1  .II  or  3.1. III. 


Since  in  the  majority  of  experimental  investigations,  for  swirl-free  channel  flow,  either  the  static  pressure  Ps  or  the 
total  temperature  Tt  is  to  be  considered  as  constant  across  the  cross  section  within  the  accuracy  of  measurements,  the 
numerical  evaluation  of  Equations  (22)  and  (23)  is  simplified. 


For  Ps  =  constant  Equation  (22)  simplifies  to 

s*(Tg)-ln(/— )  =—  s*(Ts)psVdA-ln(— ^  .  (24) 

\P0/  m  VPq/ 

Because  of  the  small  differences  in  static  temperature  across  the  cross  section,  one  can  set 

sp(Ts)  ~  i  4sp(Ts)PsVdA  (25) 

where  the  average  temperature  Ts  has  already  been  fixed  by  the  average  specific  enthalpy  according  to  Equation  (5). 
From  the  approximation  according  to  Equation  (25)  it  follows  that  Ps  **  Ps  =  constant.  Thus,  the  numerical  evaluation 
of  the  entropy-averaging  rule  for  Ps  =  constant  can  often  be  ignored. 
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For  Tt  =  constant,  from  Equation  (23)  and  in  agreement  with  References  3.1.3  and  3.1.5  we  get  an  averaging  rule 
for  the  total  pressure 

—  lr 

In  Pt  =  —  /  In  Pt  ps  V  dA  ,  (26) 

m  •A 

If,  within  the  limits  of  accuracy  of  the  measurements,  the  static  pressure  Ps  as  well  as  the  total  temperature  Tt  can  be 
considered  as  constant,  then  because 


ps  s 

»  Ps  =  constant ,  and 

(27) 

Tt  * 

»  Tt  =  constant 

(28) 

one  requires  only  a  single  additional  averaging  rule  or  other  condition  in  order  to  determine  the  average  state  uniquely. 
For  this  apparently  simple  case,  because  Ps  and  Tt  are  obtained  directly  from  measurements,  test  engineers  prefer  to 
use  simple  averaging  methods.  The  “continuity”  and  “total  pressure”  methods  fall  into  this  category,  for  example. 

For  the  continuity  method  only  the  following  three  directly  measured  quantities  are  used: 

—  the  constant  static  pressure  Ps  by  means  of  wall  taps, 

—  the  constant  total  temperature  Tt  by  means  of  thermocouples, 

—  mass  flow  m  by  means  of  probes  or  an  orifice. 


All  other  average  state  values  are  determined  from  iterative  solutions  of  the  continuity  equation.  Approximating 
the  thermodynamic  behaviour  of  the  fluid  by  a  calorically  ideal  gas  with  Cp  =  constant,  it  is  recommended  to  utilize  the 
gas-dynamic  functions  of  the  non-dimensional  mass  flow  in  the  form  of 


<t>\  = 


ih>/RTt 
A  Ps 


(29) 


Since  for  this  method,  which  is  also  contained  in  the  VDI  compressor  specifications  according  to  Reference  3.1.8, 
only  directly  measured  values  are  used,  it  often  seems  that  the  average  problem  is  not  really  touched  on,  or  is  avoided  in 
an  elegant  fashion.  Neither  is  true. 


In  the  “total  pressure”  method,  in  addition  to  Equations  (27)  and  (28)  the  average  total  pressure  Pt ,  as  area 
averaged, 


Pt:  —  /  Pt  dA  (30) 

A  \ 

or,  as  mass-averaged, 

Pt:  =  -  /  PtPsVdA  (31) 

m  JA 

is  used.  In  the  case  of  a  circular  cross  section,  for  a  simple  numerical  evaluation  of  Equation  (30),  the  total  pressure 
probes  are  positioned  at  equal-area  radii.  Then  the  measured  total  pressures  can  be  averaged  arithmetically. 
Unfortunately,  test  engineers  use  this  method  also  in  cases  where  Ps  and  Tt  are  not  constant  across  the  cross  section. 
For  the  average  static  pressure  Ps  they  use  the  arithmetic  mean  of  the  values  obtained  from  the  hub  and  from  the  outer 
casing  and  obtain  the  average  total  temperature  Tt  from  arithmetically  averaged  equal-area  values.  An  extensive 
discussion  of  the  “continuity”  and  the  “total  pressure”  method,  as  compared  to  the  averaging  technique  based  on 
“Complete  Equilibrium”,  is  contained  in  Reference  3.1.10  for  swirl-free  channel  flows. 

3. 1.1.2  Three-Dimensional  Turbomachine  Flow 

In  contrast  to  the  one-dimensional  channel  flow,  where  continuity  considerations  predominate  for  determining 
average  velocity  according  to  Section  3. 1 . 1 . 1 ,  it  is  to  be  expected  that  the  energetic  velocity  averages  will  predominate 
for  turbomachine  flow. 

If  we  use  a  cylindrical  coordinate  system  with  the  three  coordinates  r,  ©,  and  z,  where  the  z  axis  coincides  with 
the  axis  of  the  machine,  the  energy  averaging  rules  for  the  three  components  of  the  absolute  velocity  V  are  as  follows: 

Vfe:  =  -  f  Vr2psVndA,  (32a) 

m  JA 

V|e:  =  —  /  v|psVndA, 
m  JA 


(32b) 
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V^:  =  ~  (v2psVndA.  (32c) 

Here  for  the  mass  flow  m 

m  =  /  psVndA  (33) 

if,  according  to  Figure  3.1.4  the  velocity  component  Vn  is  normal  to  area  A. 

Because  it  may  be  necessary  to  represent  all  the  relations  relevant  to  the  problem  by  means  of  average  values 
without  using  correction  factors,  it  must  be  checked  if  the  average  velocity  values  based  on  energy  satisfy  the  vectorial 
kinematic  condition 


V  =  coxr  +  W. 


(34) 


According  to  Reference  3.1.6  (2nd  edition)  and  Reference  3.1.9,  this  is  not  true  for  the  expression  valid 
circumferentially 


Ve  =  cor  +  ,  (35) 

if  the  averaging  rule  from  Equation  (32)  for  the  circumferential  velocity  U  =  cor,  or  because  co  =  constant,  for  the 
radius  r  in  the  form 


r|  =  ~  j  r2ps  Vn  dA  (36) 

m  A 

is  used.  From  Equation  (35)  we  get  two  expressions  for 

V^E  =  -  /  V|psVnd A  =  ±  f(cor  +  W0)2psVndA 
m  A  m  A 

V^E  =  co2  rJE  +  —  /  r Wfi  ps  Vn dA  +  WgE  (37) 

m  -A 

and 

V0E  =  00 2  rE  +  2«rEw0E  +  W0E 

VflE  =  co24  +  ^  yfAr2psVndA  J\a  W|pgVndA  +  WgE  •  (38) 

The  above  expressions  are  not  identical. 

On  the  other  hand,  Equation  (35)  is  satisfied  by  average  velocity  values  on  a  momentum  basis 


=  i  /  VrpsVndA 
m  A 

(39a) 

VOT: 

=  E£v„.V„dA 

(39b) 

VZI: 

-  i  /Av^v"dA 

(39c) 

according  to  Reference  3.1.6  (2nd  edition),  if  one  averages  the  circumferential  velocity  U  =  cor  or  the  radius  r 

ri:  =  ~  I  r/>svndA  (4°) 

m  A 

on  a  momentum  basis  according  to  Equation  (39).  From  Equation  (35)  we  get 

Vfli  =  -  f  V0psVndA  =  -  /  (cor  +  Wg)psVndA 
m  A  m  •'A 

v«  =  <oTj  +  wOT  . 


(41) 
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For  the  stationary  relative  flow  in  a  turbomachine  rotor  rotating  with  constant  angular  velocity,  the  energy 
equation  is 


J  hRotePseVned^e  j.  ^RotiPsi^nidAj  Wp;_ e  +  Qj_e  . 


Here  Q;_ e  denotes  the  heat  conducted  in  or  out  per  unit  time  and  Wpj_e  the  mechanical  power  of  the  friction  forces 
which,  according  to  Figure  3.1 .4,  arise  in  the  co-rotating  control  volume  in  the  relative  system.  If  the  relative  velocity  w 
in  the  rothalpy  term  appearing  in  Equation  (42) 


hRnt:  —  h.  +  — 


WJ  (tor)2 


is  replaced  by  the  absolute  velocity  V  ,  with  the  aid  of  the  kinematic  condition  in  Equation  (34),  with 


^Rot  ^  OJtVg 


we  can  write  the  following  expression  for  the  energy  equation 


J  (^se  2  )^se^ne^^e  J  ^si  '  ")  Psi  “ 

Ae  A  j 

^ne  dAe  riVgjPsjVnj  dAj  |  ^Fi—  erel  Qi—  erel  •  (45) 

The  subscript  “rel”  in  Wpp  e  and  Qp  e  emphasizes  that  Equation  (45)  is  still  valid  for  the  relative  system  in  spite  of 
the  transformation.  Assuming  adiabatic  flow  and  neglecting  the  mechanical  power  of  the  frictional  forces  arising  at  the 
boundaries  of  the  co-rotating  control  volume,  Equation  (45)  simplifies  to 

pmech  =  J  (^se  +  pseVnedAe—  J  ^si  +  ~J  Psi^ni^Aj  = 

Ac  Aj 

=  revPePsevnedAe  —  ^  fl VwpslVnidAiJ  ,  (46) 

where  Pmech  denotes  the  mechanical  power  transferred  by  the  rotor  and  referred  to  the  absolute  system.  The  second 
part  of  Equation  (46),  which  is  known  as  Euler’s  turbomachine  equation,  represents  a  central  relationship  in  turbomachine 
theory  because  of  its  kinematic  content  together  with  energy  transfer. 

To  represent  the  swirl  flows  in  Euler’s  turbomachine  equation  by  the  momentum-averaged  circumferential 
components  Vgj  according  to  Equation  (39),  it  is  necessary  to  define  a  reference  radius  rpgp 


/  rV0  Ps  vn  d A 


rREF •  - 


With  rRpp  we  express  the  second  part  of  Equation  (46)  by 

Pmech  =  w{(fREFVei)e  “(fREF  Vei)i)m  .  F 

According  to  Reference  3.1.6  (2nd  edition)  a  noticeable  difference  may  exist  between  Uj  =  corj  and 
Uref  =  coTrep  depending  on  swirl  distribution.  In  order  to  eliminate  this  problem,  the  suggestion  is  made  in 
Reference  3.1.14,  Reference  3.1.6  (3rd  edition)  and  in  Reference  3. 1.9  to  use  swirl  averaging  instead  of  momentum 
averaging,  both  for  the  circumferential  components  of  the  absolute  and  relative  velocity 


rDv0D;  ~  ~T  J  rV0PsVndA  , 
m  JA 

tDw0D:  =  —  frWepsVndA 


and  for  the  circumferential  velocity  and  radius 


(r,',=v"dA' 
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Using  this  averaging  definition  based  on  swirl,  which  because  of 

rDv0D  =  “■  /.  rV(jpsVndA  =  -J-  /  r(wr  +  W0)ps  VndA 
m  A  m  A 

fD  VgD  =  (52) 

satisfies  the  kinematic  condition  in  a  circumferential  direction  in  Equation  (34),  Euler’s  turbomachinery  equation 
becomes 


pmech  =  w{(rDV0D)e-(rDV0D)i}m  (53) 

instead  of  Equation  (48). 

Using  swirl  averaging  according  to  Equations  (49)  to  (5 1 ),  only  the  second  part  of  Equation  (46)  can  be  expressed 
simply  by  average  values.  If  one  formulates  the  first  part  of  Equation  (46)  in  terms  of  average  values,  this  is  possible 
without  using  correction  factors  only  when,  besides  the  mass-averaged  static  enthalpy 

hs:  =  ~~  /hsPsvndA  (54) 

m  A 

average  energy  values  for  the  velocity  components  according  to  Equation  (32)  are  used.  Energetic  average  velocity  values 
appear  in  all  definitions  for  total  efficiencies,  too.  This  is  opposed  by  the  fact  that  energy-based  average  velocity  values 
do  not  satisfy  the  kinematic  condition  posed  by  Equation  (35). 

To  avoid  introducing  correction  factors  in  the  energy  relations,  W.Traupel  (Ref.3.1.6)  defines  an  “ideal”  static 
enthalpy  JTS 

V?  Vi 

hs  +  —  hs  H — (55) 

s  2  s  2 

with 

Vf:  =  Vr\  +  V20I  +  V^j  (56) 

for  the  channel  flow  and 

Vi :  =  Vjj  +  VgD  4-  V*!  (57) 

for  the  turbomachine  flow  according  to  Reference  3.1.6  (3rd  edition). 

For  Traupel’s  proposal  a  in  Section  3.1.1 .1,  where  the  average  internal  state  is  determined  by  the  area-averaged  static 
pressure  Ps  and  the  mass-averaged  static  enthalpy  hs ,  we  obtain  an  “ideal”  static  entropy  s 

s:=?(hs,Ps)  (58) 

and  an  ideal  static  density  ps 

Ps-  =  P(hs.ps)>  (59) 

for  example. 

It  is  now  easy  to  prove  that  Vj  <  Vg .  Hence,  it  follows  that  always  hs  >  hs  and  s  >  s.  Figure  3.1.5  shows  the 
change  in  state  in  a  turbomachine  rotor  in  the  h,  s  diagram.  The  plotted  difference  between  the  average  energy-based 
change  of  state  and  the  “ideal”  average  change  of  state  has  only  a  qualitative  character. 

The  error  introduced  into  the  continuity  equation  by  the  use  of  the  “ideal”  static  density  ps  is  taken  into  account 
by  the  correction  factors  egj  and  cq  ,  as  dictated  by  the  use  of  Vni 

VnU  =  ^  /APsv^dA.  (60) 

From  the  continuity  equation  formulated  from  average  values 


*  =  [  PsvndA  =  PseCIVnIA  =  PseciVnlA 
A 


(61) 
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we  obtain  for  the  two  correction  factors  cq  and 

/APSVn  dA 

eCl  Ps(hs.  s)Vn[A 

and 

^PsVndA 

6CI‘  "  ps(hs,  s)VnIA 


(62) 


(63) 


The  introduction  of  these  ideal  state  values  eliminates  only  the  need  for  correction  factors  in  the  energy  equation. 

It  is  still  necessary  either  to  introduce  correction  factors  or  to  use  different  average  value  definitions  for  the  velocity 
components  in  the  continuity  and  the  momentum  equations. 

3.1.2  Averaging  Method  Based  on  “Complete  Equilibrium” 

Using  this  method  of  averaging,  the  non-homogeneous  flow  condition  in  the  measurement  or  calculation  plane  is 
converted  into  a  state  of  “Complete  Equilibrium”  by  means  of  the  conservation  laws  for  mass,  momentum,  and  energy. 
This  is  the  method  used  in  nearly  all  two-dimensional  cascade  experiments  today. 

The  condition  of  “Complete  Equilibrium”  is  characterized  by  the  fact  that  the  viscous  fluid  is  in  a  state  of  equili¬ 
brium,  both  mechanically  and  thermally.  This  means  that  neither  momentum  nor  energy  exchange  takes  place  between 
the  individual  fluid  particles.  If,  for  instance,  the  fluid  has  a  swirl  component,  then  only  pressure  forces  normal  to  the 
velocity  vector  are  allowable  which  effect  the  required  change  in  direction  of  the  circumferential  component  of  the 
velocity  vector.  In  order  to  avoid  the  normal  and  tangential  stresses  arising  from  viscosity,  it  is  necessary  that  the  fluid 
behaves  as  a  solid  body.  As  a  condition  for  thermal  equilibrium,  the  static  temperature  has  to  be  constant.  Then  no  heat 
transfer  as  a  result  of  conduction  or  radiation  takes  place. 

For  the  three  types  of  flow 

swirl-free  channel  flow  with  constant  cross  section 
two-dimensional  cascade  flow  and 
-  co-axial  swirl  flow 

treated  more  extensively  below,  the  conditions  arranged  in  Table  3.1. IV  result.  Inserting  these  flow  conditions  into  the 
constitutive  equations  given  in  Appendix  2  for  cartesian  and  cylindrical  coordinates,  all  viscosity-dependent  stresses 
disappear  and  no  heat  transfer  takes  place. 

In  order  to  describe  the  effects  of  a  system  in  whose  exit  plane  the  averaging  method  is  used  quantitatively 
accurately  by  the  state  values  of  “Complete  Equilibrium”,  the  integrals  of  the  conservation  quantities  —  mass,  momentum, 
swirl  and  energy  -  have  to  be  equal  at  the  inlet  and  exit  of  the  control  volume  in  which  the  irreversible  mixing  process 
occurs.  Considering  that  the  irreversible  mixing  process  occurs  in  a  real  settling  channel  of  infinite  length,  then  the  condi¬ 
tion  of  “Complete  Equilibrium”  will  not  be  reached,  because  of  wall  boundary  layers.  Thus,  as  a  matter  of  definition, 
the  no-slip  condition  existing  on  a  real  wall  should  be  neglected,  without  limiting  the  effect  of  viscosity  necessary  for  an 
irreversible  mixing  process. 

In  order  to  make  this  abstraction  clearer,  according  to  L.S.Dzung  in  Reference  3.1.14,  one  should  simply  imagine 
that  the  mixing  process  occurs  in  a  discontinuity  plane  similar  to  a  compression  shock.  Thus,  the  additional  condition 
that  the  inlet  and  exit  plane  areas  of  the  control  volume  are  equal  is  satisfied  automatically.  The  fact  that  the  system  of 
equations  resulting  from  the  conservation  laws  produces  two  solutions  underlines  the  analogy  to  the  compression  shock. 
For  subsonic  flow,  one  solution  contradicts  the  second  law  of  thermodynamics  and,  for  supersonic  flow,  a  strong  and  a 
weak  solution  arise  with  respect  to  the  irreversible  entropy  increase. 

The  following  treatment  of  the  individual  flow  conditions  always  starts  with  the  assumption  that  the  mixing  process 
occurs  within  a  discontinuity  plane. 


3. 1.2. 1  Swirl-Free  Channel  Flow  with  Constant  Cross  Section 

The  conservation  laws  for  a  discontinuity  plane  within  the  swirl-free  channel  flow  with  constant  cross  section  attain 
the  following  state  values  of  “Complete  Equilibrium”: 

continuity  equation 


ps VdA  =  psVA  , 


m 


(64) 
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momentum  equation 

I  =  f  (PS  V2  +  Ps)dA  =  (psV2  +  Ps)  A  , 

A 

energy  equation 

E  =  |  (hs  +  Ps VdA  =  (h,  +  ps  VA  . 

In  addition  to  the  caloric  equation  of  state 

—  hs (Ps ,  ps) 


(65) 


(66) 


(67) 


four  equations  are  available  for  determining  the  four  unknowns  Ps ,  ps ,  hs  and  V . 

For  a  real  fluid,  a  closed  solution  of  Equations  (64)  to  (67)  is  not  possible.  The  necessary  iteration  can,  for  example, 
be  carried  out  in  the  following  sequence: 


(1) 

assumption  of  V  , 

m 

(2) 

P=  VA  ’ 

continuity  equation 

i-iiiV 

(3) 

Ps  = 

A 

momentum  equation 

(4) 

frsS  = 

hs  (  Ps  >  Ps 

i  ,  caloric  equation  of  state 

E  V2 

(5) 

hsE  = 

rh  2 

,  energy  equation 

(6) 

F:  = 

j  _  Ess 

<  e  .  convergence  condition 

hsE 

If  the  temperature  dependency  of  the  specific  heats  for  an  ideal  gas  are  to  be  considered,  then  an  iterative  solution 
is  also  necessary. 

A  trivial  exception  is  found  for  the  incompressible  fluid,  where  p  =  p  =  constant,  whose  caloric  equation  of  state  is 
as  follows  for  the  specific  enthalpy 


hs  =  hRF,F  + 


Ps  —  PREF 


Cfl(T)DT  + 

Tref  p 


For  this  special  case,  all  unknowns  can  be  determined  in  sequence  from  Equations  (64)  to  (66) 

V  = 

Pc  = 


(68) 


m 

pA  ’ 

(69) 

1  — mV 

A  ’ 

(70) 

E  V2 

rh  2 

(71) 

hc  =  —  — 


If,  according  to  Reference  3.1.6,  a  compressible  fluid  can  be  approximated  by  an  ideal  vapour  with  constant 
isentropic  exponent  k  t ,  then,  with  the  aid  of  the  caloric  equation  of  state  for  the  specific  enthalpy 


hs  = 


k-1  Ps 


(72) 


t  The  generally  valid  relation  for  the  isentropic  exponent  k  is  as  follows 

C„ 


k:  = 

PSWS,1S 


PsPA 

p*W 


's-T  Cv 


so  that  for  an  ideal  gas  based  on  the  Boyle-Mariotte  law  the  following  is  valid 

Cp(T) 


7 


CV(T) 
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and  the  thermal  equation  of  state 

Pc 


—  =  zRTs 
P  s 


(73) 


a  closed  solution  is  possible.  Here  in  Equation  (72)  the  constant  of  integration  of  the  specific  enthalpy  has  already  been 
taken  into  account  and  the  factor  for  a  real  gas  in  Equation  (73)  depends  only  on  the  entropy  z  =  z  (s). 


From  Equations  (64)  to  (66)  and  Equation  (72)  we  get 


=  —  V  -  V2  = 


k-  1 


P  a 


{E_  Yl) 

tm  2  J 


and  thus 


2k  1  —  k  —  1  E 

V2 - V  +  2 - =  0  . 

k  —  1  m  k  +  1  m 


(74) 


Equation  (74)  has  two  solutions 


Vl/2  k  +  1  rh 


!(  k  i 

Vk  +  1  rfi 


Y-2^-5. 

m/  k+lm 


(75) 


If  we  consider  the  critical  velocity  of  sound  a*  which,  for  an  ideal  vapour,  has  the  following  expression 


*2 


k  +  1 


‘t 


then,  because 


V,V2  =  2 


=  2 


k-1  E 


k+lm 


k-1  E 
k  +  1  rh 


=  af 


(76) 


(77) 


we  get  the  (+)  sign  in  front  of  the  radical  representing  the  compression  solution  of  the  shock  and  the  (— )  sign 
representing  the  expansion  solution. 


For  subsonic  flow,  the  (+)-sign  in  front  of  the  radical  contradicts  the  second  law  of  thermodynamics.  Thus,  for  the 
average  velocity  V,  the  following  is  valid 


V  = 


k  _i_  _  //  k  i  V  2  k  -  1  E~ 
k+lm  ■v/^k+lm/  k+lm 


(78) 


All  other  state  values  can  be  determined  successively  from  Equations  (64)  to  (66). 


Using  the  isentropic  exponent  equal  to  the  ratio  of  specific  heat  capacities  k  =  7  =  Cp/Cv  in  Equation  (72),  and 
the  real  gas  factor  z  =  1  in  Equation  (73),  the  closed  solution  is  also  valid  for  a  calorically  ideal  gas  with  Cp  =  constant. 

Under  the  assumption  that  in  the  measurement  or  the  calculation  plane  the  total  temperature  and  the  static  pressure 
are  constant,  M.D.Wyatt  has  presented  this  averaging  method  in  Reference  3. 1. 10  for  a  calorically  ideal  gas  employing 
the  gas-dynamic  functions. 


Taking  a  calorically  ideal  gas  with  Cp  =  constant ,  then,  on  the  basis  of  the  following  assumptions: 

Tt  =  constant  =  Tt  and 
Ps  =  constant  #  Ps 

the  continuity  as  well  as  the  momentum  equation  can  be  described  in  the  following  form  with  the  aid  of  both  gas- 
dynamic  functions 


flow  rate 


momentum 


<t>\ 

B: 


m^/RTt  VRTt 

— - 1  =  PSV~ — 1 

APS  Ps 

_L  =  PsV2  +  Ps 

APS  Ps 


(79) 

(80) 


as  follows: 
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continuity  equation 


momentum  equation 

I  =  J^(psV2  +  Ps)dA  =  Ps  fA  BdA  =  APSB  .  (82) 

The  numerical  evaluation  of  the  energy  equation  results  from  the  first  assumption. 


For  the  numerical  evaluation  of  the  two  integrals  in  Equations  (81)  and  (82),  it  is  only  necessary  to  determine  the 
total  pressure  profile  and  the  static  pressure  by  means  of  wall  tappings  for 


and 


(83) 


(84) 


Using  the  critical  Mach  number  dependency  of  these  two  gas-dynamic  functions 


0  = 


/  2y 

7+1 


M* 


y  —  l 

7+1 


M 


*2 


and 


B  = 


1  +  M*2 


7  —  1 

1  -  -L—  M*2 


7+1 


then,  in  contrast  to  Reference  3.1.10,  a  closed  solution  is  possible  for  the  average  critical  Mach  number  M* 


1  +  M*2  B  I 


(85) 


(86) 


(87) 


Because  MfMf  =  1  for  subsonic  channel  flow,  only  the  (— )  sign  in  front  of  the  radical  is  compatible  with  the  second  law 
of  thermodynamics. 


The  following  relation  exists  between  the  constant  static  pressure  Ps  in  the  measuring  plane  and  the  average  value 
of  the  static  pressure  Ps 


Ps. 

Ps 


1 

A 


/  BdA  = 
A 


1  - 


7~1 

7+1 


M*2 


1  +  M*2 


<1 


(88) 


3. 1.2. 2  Two-Dimensional  Cascade  Flow 

The  strictly  two-dimensional  cascade  flow  is  an  instructive  example  for  the  philosophy  of  the  averaging  method 
based  on  “Complete  Equilibrium”.  Because  of  the  periodicity  condition  and  the  infinite  extent  of  the  flow  plane  normal 
to  the  flow,  one  may  indeed  imagine  that  the  condition  of  “Complete  Equilibrium”  will  be  attained  after  an  infinitely 
long  run.  N.Scholz  first  presents  this  averaging  method  for  the  two-dimensional  incompressible  cascade  flow  in 
Reference  3.1.11  and  J.Amecke  first  published  a  closed  solution  for  the  two-dimensional  compressible  cascade  flow  of 
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a  calorically  ideal  gas  in  References  3.1.12  and  3.1.13.  As  shown  in  Figure  3.1.6,  they  both  utilize  a  finite  two- 
dimensional  control  volume  K 1  to  generate  this  averaging  method  for  the  evaluation  of  two-dimensional  cascade 
experiments. 

For  the  purpose  of  uniform  presentation,  the  derivation  of  an  averaging  method  for  two-dimensional  cascade  flow 
utilizes  a  differential  control  volume  in  the  form  of  a  discontinuity  plane,  as  mentioned  above. 

Applying  the  laws  of  conservation  to  the  discontinuity  surface,  we  obtain  the  following  four  equations: 
continuity  equation 


m 


Pse  Ve  sin  ae  dt  =  pse  Ve  sin  Og  p 


(89) 


momentum  equation  normal  to  the  cascade  front 


in  (Pse^e  sin^ttg-f  Pse)dt  (Pse^e  sin  ote  4*  Pse)p 


momentum  equation  tangential  to  the  cascade  front 


ft+P  2  —  2  - 

It  =  J  pse  Ve  cos  (Xg  sin  ae  dt  =  pse  Ve  cos  ae  sin  ae  p 


energy  equation 


=  J  (hSe  +”)  PSeve  sinae  dt  =  (hse  +  -y)  PseVe  sinae  p  . 


(90) 


(91) 


(92) 


Together  with  the  caloric  equation  of  state  according  to  Equation  (67),  we  again  have  five  equations  for  the  determina¬ 
tion  of  the  five  unknowns:  Pse,  pse,  hse,  Ve  and  ae. 

For  a  real  fluid,  as  well  as  for  an  ideal  gas  taking  account  of  the  temperature  dependency  of  the  specific  heats,  this 


system  of  equations  must  also  be  solved  iteratively: 


(1) 

assumption  of  (Ve 

sin  ae) 

rh 

(2) 

Pse 

(Ve  sin  ae)p 

p  — 

In  -m(vg 

sin  ae ) 

wi 

rse 

P 

(4) 

^seS 

hs(Pse>  Pse)  > 

it 

(5) 

Ve  cos 

«e  =  -7 

3 

m 

E 

(6) 

^seE 

rh  2 

> 

(7) 

F  = 

j _  ^seS 

<e  . 

^seE 

For  an  incompressible  fluid  the  four  unknowns:  Pse , 
Equations  (89)  to  (92) 


continuity  equation 

momentum  equation  normal  to  cascade  front 

caloric  equation  of  state 

momentum  equation  tangential  to  cascade  front 

energy  equation 

convergence  condition 

se ,  Ve  and  ae  can  be  determined  one  after  another  from 


P 


se 


P  p\p/  ’ 


V 


e 


(93) 


(94) 
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oce  =  arc  cot  I  p p 


1) 

mV  ’ 


(95) 


E  V2 
hse  =  -  -  -T 


(96) 


For  a  real  fluid  approximated  by  an  ideal  vapour,  it  follows  from  Equation  (72)  as  well  as  from  Equations  (89)  to 
(92),  that  a  quadratic  equation  can  be  obtained  for  the  normal  component  (Ve  sin  ffe) 


2k  L  _  _  k- 

(Ve  sin  ae)2 - —  (Ve  sin  «e)  +  2 

e  e  k  + 1  m  e  e 


k-1  jfc  1  /It' 

k  +  1  1m  2  \m 


=  0 


with  the  two  solutions 


(V e  sin  ae)  = 


k  In 
k+1  m 


k  +  1  m 


^  -2- 


k+  1  (m  2  \m 


(97) 


(98) 


In  the  subsonic  region,  the  (+)  sign  in  front  of  the  radical  contradicts  the  second  law  of  thermodynamics  and  in  the 
supersonic  region  the  thermodynamic  probability  is  very  low. 

If  we  reduce  the  total  enthalpy  hte  by  the  kinetic  energy  of  the  tangential  component  CVe  cos  oe ) 


hte— n; 


(Ve  cos  «e)2 


te 


(99) 


and  if  we  form  the  critical  velocity  of  sound  a^e  _n  ,  associated  with  it,  analogous  to  Equation  (76) 


JSe~n:  =  2 


k-1 
k  +  1 


*te— n 


(100) 


we  get  the  following  equation 


(Ve  sin  ae)i(Ve  sin  Og)2  =  a||_n 


(101) 


analogous  to  the  oblique  compression  shock. 


If  the  flow  towards  the  cascade  in  Figure  3.1.6  can  be  considered  homogeneous  within  the  accuracy  of  measure¬ 
ments  and  if  it  is  assumed  that  the  cascade  flow  proceeds  adiabatically  on  the  whole,  then,  because 


_E 

rh 


hte  h-ti 


(102) 


the  numerical  evaluation  of  the  energy  equation  can  be  omitted.  This  is  true  for  both  incompressible  and  compressible 
fluids. 


Besides  the  assumption  that  the  cascade  flow  proceeds  adiabatically  on  the  whole,  J.Amecke,  in  References  3.1.12 
and  3.1.13,  also  neglects  the  energy  exchange  between  the  individual  stream  lines  resulting  from  friction  forces.  Then 
the  energy  balance  for  a  calorically  ideal  gas  is  simplified  for  Tte  Tte  =  constant .  For  this  reason,  J.Amecke  does  not 
use  the  energy  balance  as  an  independent  equation  in  the  solution  of  the  system  of  equations.  With  the  aid  of  the 
formulation  of  the  continuity  equation,  normalized  with  the  gas-dynamic  functions,  as  well  as  with  the  two  momentum 
equations,  he  determines  the  three  unknowns  appearing  therein,  namely  (Pte/Pti),ae  and  M*  .  The  closed  solution 
consists  of  a  bi-quadratic  equation  for  the  average  value  of  the  critical  Mach  number  M*  . 

N.Scholz  also  ignores  the  energy  balance  in  deriving  averaging  requirements  for  an  incompressible  fluid  (see 
Reference  3.1.11).  This  means  that  for  an  incompressible  fluid  the  path-independent  dissipation 


with  the  aid  of  the  total  pressures 


*1 


e 


(103) 


(104) 


can  be  determined  only  under  the  assumption  that  the  flow  proceeds  adiabatically  and  isoenergetically. 
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3. 1.2.3  Swirl  Flow  in  a  Parallel  Annulus 

Although  swirl  flow  in  a  parallel  annulus  with  constant  hub  and  tip  radius  is  not  very  representative  of  the  general 
area  of  turbomachinery  flow,  it  still  represents  the  only  possible  form  of  swirl  flow  which  can  be  treated  with  averaging 
methods  based  on  “Complete  Equilibrium”. 


If  all  the  state  values  of  the  “Complete  Equilibrium”  are  referenced  to  the  values  for  the  outer  casing  x*  =  X/Xjj  , 
the  total  equilibrium  state  of  a  given  swirl  flow  in  a  coaxial  annular  volume  can  be  characterized  by  the  following  five 
radial  distributions:  — 

Velocity  components 

radial  component 

circumferential  component 

axial  component 

Static  state 

temperature  T*  =  1 


pressure 


dP* 


V, 


dr*  PsH/PsH 


<1 

II 

o 

(105) 

V|=  r*. 

(106) 

nx  = 1 . 

(107) 

(108) 

r2 

/-  r  * 

(109) 

Equation  (109)  results  from  the  simple  radial  equilibrium  valid  for  V*  =  0. 

For  V*  =  0  the  four  starting  values  VgH  ,  VaxH  >  TsH  and  PsH  °f  the  radial  distributions  still  must  be  deter¬ 
mined  for  the  outer  casing.  For  that  purpose  the  four  conservation  laws  of  mass,  axial  momentum,  swirl  and  energy, 
applied  to  the  discontinuity  surface,  are  available: 


continuity  equation 


m  =  2nf  UpsVAxrdr  =  2npsHVAxlirfi  J%*r*dr*  , 
rB  v 

momentum  equation  in  axial  direction 

Ux  =  27rfrH(PsVL  +  Ps)rdr  = 

M  JrB 

=  2rrr|j  |psHvLh  (  Ps*r*dr*  +  PsH 


swirl  equation 


energy  equation 


D  =  2rr  JTR  psVs  VAx r2 dr  =  2npsH  V0H  V^rfe  f' p*V6*r*2  dr* 
•'rB  Jv 


E  =  2tt 


r.vj 

JrB  l 


vj  ve2  vlx 

h,  +  —  +  —  +  —  }  rdr  = 
2  2  2 


2jrPsH  VAxH  rH 
VAxH 


+ 


|hsH  £p* h*r*dr*  + 
Vfl2-  -*1 


p*  r*dr  + 


■  f  P*  v|* 

Jit 


r^dr" 


(110) 


(HD 


(112) 


(113) 


With  the  thermal  equation  of  state  ps  =  ps( Ps,  Ts)  and  a  caloric  equation  of  state,  e.g.  hs  =  hs(Ps,  ps),  the  system 
of  equations  for  a  real  fluid  can  be  solved  iteratively.  If  an  incompressible  fluid  with 

hs  =  us(T)  +  — 

P 


(114) 
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is  treated,  the  simple  radial  equilibrium  according  to  Equation  (109)  yields 


Ps*  =  1  +  P  ~ 


VlH  r*2  -  1 


9H 

|JsH 


(115) 


In  this  way,  the  four  starting  values  of  the  radial  distributions  at  the  outer  casing  of  “Complete  Equilibrium”  can 
be  determined  in  succession  from  the  conservation  laws  in  the  following  order.— 


continuity  equation 


m  =  27tpVAxHr^  f  r*  dr* 


V 


m 


AxH  2 


vtrH(l  —  v  )p 


(116) 


swirl  equation 


D  =  2WpVAxHVeHr?I/1r*3dr* 

it 


Vou  —  — — 


2D 


^vAxHrHO  ~v  ) 
momentum  equation  in  axial  direction 

I  Ax  ~  rhVAxIl  +  2w  1‘sH  rH  £  Ps*r*dr* 

lAx  “mVAxH 


PsH  = 


_  1  -v4 

J.n_„a/  +  pV«H - 


7trH(l  —  v2) 


energy  equation 


E  ~  Ir.ji  VA:, [( rfj  I  u,„  J  r*dr«  +  ^ I'.'rMr*  + 


usH  - 


2rH  |  VAxH 


m 


(117) 


(118) 


(119) 


The  radiation  distributions  of  all  relevant  state  values  of  an  incompre;.  ible  fluid  are  presented  in  Table  3.1  .V.  Since 
the  entropy  of  an  incompressible  fluid 


s 


(120) 


depends  only  on  the  temperature,  the  specific  entropy  as  well  as  the  total  temperature  are  constant,  owing  to  the 
constant  static  temperature. 


If  a  real  fluid  can  be  approximated  by  an  ideal  gas,  from  the  thermal  equation  of  state 


(121) 


together  with  Equations  (108)  and  (109),  we  obtain  the  same  radial  distribution  for  the  static  density  and  for  the  static 
pressure 


Pi 


Ps* 


exp 


[  VjH 

^RTsH 


(122) 
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Taking  into  account  that  for  an  ideal  gas  the  specific  enthalpy 


h  = 


Cp  (T)  DT 


(123) 


is  only  a  function  of  temperature,  the  conservation  laws  according  to  Equations  (1 10)  to  (1 13)  take  the  following  forms: 


continuity  equation 


m 

27rr|[ 


PsHVAxH  /  Ps*r*dr* 
v 


momentum  equation  in  axial  direction 


^Ax 

2otH 


jVAxH  +  }[psH^AxH  jj,  P*r*dr*| 


swirl  equation 


D 

27H-H 

energy  equation 

E 

2wrH 


rHVflH  PshVaxH  /1i9,V3dr*  , 

[h"sH  +  — ^] PsHVAxH  \v  P*  r*dr*  + 

+  -^LPsHVAxH(1Ps*r*3dr*  , 


(124) 


(125) 


(126) 


(127) 


This  formulation  of  the  conservation  laws  allows  easier  recognition  of  the  iterative  solution  method.  With  the  closed 
solution  of  the  two  integrals  (see  Appendix  3) 


F,:  =  f1jB*r*dr* 


the  system  of  equations  can  be  solved  iteratively  in  the  following  way: 


(1) 

assumption  of  V^xt| 

(2) 

™  vAxFI  f 

TsH  r  i 

Iax  _  V  1 

vAxH  ( 
m  > 

moment  equation  in  axial  direction 

(3) 

hsH  =  h(Tstl) 

caloric  equation  of  state 

(4) 

V0H  =  2^{e 

(hsH+  2  )">} 

energy  equation 

(5) 

(PsH  YaxH^C  = 

rii 

continuity  equation 

27rr|j  F  x 

(6) 

(PshVaxh)d  = 

D 

swirl  equation 

27rrHV0HF2 

(128) 


(129) 
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(7)  F  = 


(PsHVAxH)p 
(PsH  VAxH)c 


convergence  condition 


The  radial  distributions  of  the  state  values  for  constant  specific  heat  capacities  are  presented  in  Table  3.I.V. 


Tills  demonstrates  that  the  averaging  method  based  on  “Complete  Equilibrium”  has  only  little  practical  importance 
for  a  given  swirl  flow  in  a  coaxial  annular  volume  in  the  light  of  one-dimensional  evaluation  of  test  results. 


The  utility  of  the  averaging  method  based  on  “Complete  Equilibrium”  for  turbomaehines  is  limited  to  a  very  great 
extent  by  the  fact  that  a  stress-free  state  in  the  rotationally  symmetric  flow  of  a  viscous  fluid  occurs  only  when  the  fluid 
moves  as  an  inelastic  body,  i.e.  without  radial  velocity  components.  For  this  reason,  this  method  of  averaging  cannot  be 
employed  for  turbomaehines  with  diagonal  or  radial  flows. 


3.1.3  The  “Consistent  Averaging  Method”  by  L.S.Dzung 

The  averaging  method  presented  by  L.S.Dzung  in  Reference  3.1.14  for  three-dimensional  turbomachine  flow  can  be 
placed  in  the  second  group  of  averaging  methods  based  on  “Complete  Equilibrium”,  because  the  system  of  equations 
results  from  the  conservation  laws. 

However,  since  the  average  state  does  not  correspond  to  the  state  of  “Complete  Equilibrium”,  if  the  radial  and  the 
circumferential  components  of  the  absolute  velocity  are  not  equal  to  zero,  the  method  designated  by  L.S.Dzung  as 
“consistent”  is  placed  in  the  first  group  of  averaging  methods  based  on  “Integral  System  Effects”.  The  main  advantage 
of  Dzung’s  “Consistent  Averaging  Method”,  in  contrast  to  the  first  group  is  that  correction  factors  are  not  required. 

L.S.Dzung  formulates  the  following  conservation  equations  for  the  rotating  relative  system  for  the  discontinuity 
surface  shown  in  Figure  3.1.7: 

continuity  equation 


rh  = 


I  P  s^m^A-  psWmA, 

A 


(130) 


momentum  equation  in  direction  of  meridian 


tm  =  I  (PsK  +  PS)dA  =  (Ps Wjh  +  PS)A  ,  (131) 

A 

swirl  equation 

D  =  r(cor  +  Wg  )ps  Wm  d A  =  r(wr+  %)ps  Wm  A  ,  (132) 


energy  equation 


pRot 


W 2  _  (cur)2) 
2  2  ) 


PsWmA. 


(133) 


The  bar  above  the  symbol  again  denotes  the  “representative”  average  state.  If  we  set  co  =  0  and  formally  write  V 
in  place  of  W,  Equations  (130)  to  (133)  are  also  valid  for  the  absolute  system.  It  must  also  be  noted  that  only  the 
meridian  and  circumferential  components  of  the  relative  or  absolute  velocity  appear  in  the  conservation  equations. 
L.S.Dzung  explains  this  by  the  fact  that  the  position  of  the  discontinuity  surface  A  must  be  chosen  in  this  way  so  that 
the  integral  for  the  component  WA  in  the  direction  of  the  straight  line  trace  of  the  discontinuity  surface  A  must 
become  zero 

/psWAdA«0.  (134) 

A 

Together  with  the  caloric  equation  of  state  according  to  (67)  hs  =  hs(ps,  Ps)  there  are  available  only  five  equations 
for  the  six  unknowns  Ps ,  ps ,  hs ,  Wm  ,  W g  and  r .  In  order  to  obtain  a  solution  L.S.Dzung  postulates  that  all  terms  of 
the  kinematic  condition  in  a  circumferential  direction  according  to  Equation  (35)  should  he  averaged  on  a  swirl  basis. 

This  means  the  same  as  the  additional  requirement  that  in  Equation  (132)  the  corresponding  terms  on  both  sides  are 
equal,  i.e.  that 


and 


/rWePsWmdA  =  rWepsWmA 
A 


(135) 
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J  ojr2psWmdA  =  <ur2psWmA  .  (136) 

JA 

Equations  (135)  and  (136)  do  not  follow  from  the  swirl  equations  and  thus  contain  an  arbitrary  factor.  Using  the  average 
radius  r  defined  in  this  manner  from  Equation  (136)  which  corresponds  to  Equation  (51),  the  conservation  equations 
result  in: 

PsWm  =  t  •  037) 


P^m  +  Ps  = 


PswmW0  =  xl^_6jrrhj  ’ 

pWm|hs+— |=  —  |eRo1  + 


,  (wi )2  . 

4 - m 

2 


The  solution  of  this  system  of  equations  corresponds  to  that  for  the  two-dimensional  cascade  flow  shown  in  Section 
3.1 .2.2.  For  an  ideal  vapour  the  closed  solution  becomes 


=  /(  k  *mV  2k~  1  rERot  |  (oar)2  Wg~' 

k+lrh  v/ 'k  +  1  m  /  k+lLm  2  2-1 


Here  again  the  (+)  sign  in  front  of  the  radical  contradicts  the  second  law  of  thermodynamics  in  the  subsonic  region  and 
possesses  little  thermodynamic  reality  in  the  supersonic  region. 


The  solution  methodology  analogous  to  that  for  the  two-dimensional  cascade  flow  does  not  mean  that  the  average 
flow  conditions  automatically  satisfy  thermal  and  mechanical  equilibrium.  Only  the  swirl-free  channel  flow  with  constant 
cross  section  treated  in  Section  3.1 .2.1  and  the  two-dimensional  cascade  flow  shown  in  Section  3. 1.2. 2  are  included  as 
special  cases  in  the  averaging  method  of  L.S.Dzung.  Having  a  flow  with  radial  or  circumferential  component  for  the 
absolute  velocity  in  a  cylindrical  coordinate  system,  the  average  state  defined  by  Equations  (137)  to  (140)  gives  quantita¬ 
tively  correct  answers  for  the  “Integral  System  Effect”  of  the  values  subject  to  conservation  principles.  In  these  cases, 
the  entropy  increase  occurring  in  the  discontinuity  surface  cannot  be  interpreted  as  a  real  mixing  loss. 

Applying  the  averaging  method  of  L.S.Dzung  to  a  turbomachine  stage  with  nearly  swirl-free  inflow  and  outflow,  the 
flow  condition  in  the  blade-free  plane  between  guide  vane  and  impeller  is  distorted  by  the  use  of  average  values  depending 
on  swirl  distribution,  because  the  mixing  losses  are  charged  to  the  particular  system  under  consideration. 


TABLE  3.1.1 


Equations  of  State  of  the  Idealizations;  Incompressible  Fluid  and  Ideal  Gas 


Incompressible  fluid 


Ideal  gas 


Thermal  equation  of  state  p  =  const 


Caloric  equation  of  state 


Spec,  internal  energy 


u  =  uREF  +  u*(T);  u*(T):  =  jJ  Cfl(T)DT 

Tref 


u  =  uRgp  +  u*(T);u*(T):  =  /  CV(T)DT 

Trf.f 


Spec,  enthalpy 


h  =  hREF  +  u (T)  + 


p  —  Pref 

*/"T1  J _ Kl'1 


h  =hREF  +  h*(T);h*(T):=  /  Cp(T)DT 

JTREf  ' 


Spec,  entropy 


s  =  srjjF  +  s*(T);  s*(T):  =  J  Cfl(T)  ^  s  =  sreF  +  R  {s*  (T)  -  In  };  s*(T):  =  J 


Cp(T)  DT 

R  T 


Isentropic  pressure  function 


(  jts(T)  1 

s  —  sr£F  +  R  In  ■( - —  > 

Ip/PrefJ 


7 rs:=  exp 


Cp(T)  DT 
R  T 


4^ 


TABLE  3.1. II 


Comparison  of  the  Averaging  Suggestions  for  Swirl-free  Steady  Channel  Flow 
According  to  References  3.1.2  to  3.1.5 


Definition  and 
basic  equation 

Suggestions  of 
A.J.W. Smith 
in  Reference  3. 1.2 

Suggestions  of 
J.L.Livesey/T.Hugh  in 
References  3. 1.3  and  3. 1. 4 

Suggestions  of 

R.D.  Tyler 
in  Reference  3.1.5 

Thermal  equation 
of  state 

— L:  =  f 

RpT 

f  =  1  forP=  constt 

P 

RpT  '  ' 

P 

RpT 

Average  static 
pressure 

Ps:  =  —  f  PsdA 

Ps  =  PsO^sf 

Ps:  =  Ps  =  const0 

Average  static 
density 

jf  PsVdA 
*A 

Ps-  —  f 

VdA 

JA 

Ps  Ps^S*  S) 

Average  static 
temperature 

Ts  =  Ts(hs) 

Ts  =  Ts(hs) 

Ts  =  -Is- 
s  Rps 

i-lfl  dA° 

Ts  A  JA  Ts 

Average  static 
spec,  enthalpy 

f  hsPsVdA 

h  A 

“s*  r 

JAPS  VdA 

/  hsps VdA 

V  -  , 

(psVdA 

[\P  SVdA 

V  =  7 — — - 

j^psVdA 

Average  spec, 
entropy 

No  statement 

^spsVdA 

J  PsVdA 

No  statement 

t  with  h  =  CdT  and  the  gas  equation  it  follows  for  the  correcting  factor  f 


1 


S-  = 


A  JA 


l  p>dA  l vdA  l  p°dA  l vdA 


RPsTs  R  /  TspsVdA  A  /  PjVdA 


4  ?  - 1  w 


7/(7-!) 


for  caloric  ideal  gas  with  CD  =  const 


□  R.D. Tyler  assumes  that  the  static  pressure  is  constant  in  the  channel  cross  section  concerned 


o  the  additional  definition  of  average  temperature  follows  from  the  gas  equation  together  with  the  definition 
for  Ps  and  it  does  not  agree  with  the  so-called  mixing  rule  contained  in  the  definition  of  hs .  Therefore, 
an  additional  correction  factor  hs  =  hs(ex  Ts)  is  needed  for  Ts  and  hs  . 
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TABLE  3.1. II  (continued) 


Comparison  of  the  Averaging  Suggestions  for  Swirl-free  Steady  Channel  Flow 
According  to  References  3.1 .2  to  3.1.5 


Definition  and 
basic  equations 

Suggestions  of 

A.J.  W. Smith 
in  Reference  3.1.2 

Suggestions  of 
J.L.Livesey /T.Hugh  in 
References  3.1.3  and  3.1.4 

Suggestions  of 

R.D. Tyler 
in  Reference  3.1.5 

Average  velocity 

V:  =  —  JvdA 

A  J 

V:  =  —  [  p„VdA 
psA  JA 

(psVdA 

JAPsdA 

Continuity 
equation 
me  —  rhj  =  0 

m  — 

X  =  *v 

m  — 

A  =  *V 

m  — 

X  =  *v 

Momentum 

equation 

ie  -  Ij  =  2F 

=  Ps  +  PselV2 

jAPsV2  dA 

\  =  «iPs  +  PsqV2 

JAPsV2dA 

J  =  Ps  +  Ps^lV2 

/  PsV2dA 

A 

=1'  ~  PsV2A 

M'  PSV2A 

1  r 

al:  =  — —  PsdA 

PSA  A 

tl"  p  V2  A 

Energy  equation 

Ee  Ej  =  Wj_e  +  Qi_e 

J  =  PsVhs  +  -^  eEV3 

^psV3dA 
“  PSV3  A 

E  —  ps  _ 

-  =  PSVhs+-^eEV3 

^psV3dA 
£E'  ~  PSV3A 

“  =  psVh +“  eEV3 

JA  PsV3dA 

6E'  psV3A 

Average  spec, 
total  enthalpy 

-  vJ 

ht  -  hs  +  eE  — 

V2 

ht  -  hs  +  eE  — 

V2 

ht  =  hs  +  eE  — 

Average  Mach 
number 

/v2 

M:  =  /— =- 
V  tRTs 

M  Xf 

V  tRTs 

M:  =  R; 

V  tRTs 

Average  total 
temperature 

Tt  =  Tt(ht) 

Tt  =  Tt(ht) 

Tt  =  Tt(ht) 

Average  total 
pressure 

p .  _  p  (Tty/(r-D 

/  In  PtpsVdA 

/in  PtpsVdA 

t  sVTs  / 

1,1  1 1  •  r 

JAPsVdA 

in  i  t  •  r  v 

JPs  VdA 

0  for  Tt  =  constant  and  Ps  =  constant  it  follows  from  the  definition  of  Ts: 

p(7-l)/7  =  —  f  p(7-l)/7dA  . 
f  A  4  4 


TABLE  3.1. Ill 


Representation  of  Conservation  Laws  for  Swirl-free  Steady  Channel  flow  According  to  Equations  (1)  to  (3), 
with  the  Aid  of  Average  Values  from  Equations  (4)  to  (7) 


Law  of  conservation 

Mean  velocity  VE 
based  on  continuity 

Mean  velocity  Vj 
based  on  momentum 

Mean  velocity  VE 
based  on  energy 

Continuity  equation 

rhe  —  rhj  =  0 

m  — 

~  PsVc 

7  =  PseCI^I 

—  =  Ps£CeVe 

/A„svdA 

fAPsVdA 

i*VdA 

VC'  -  A 

PsA 

'u'  "  PsVlA 

ecE'  psvea 

Momentum  equation 

7  =  Ps  +  PseIcVc 

=  Ps+PsVf 

7  =  Ps  +PseIEVE 

Ie  -  Ii  =  XF 

fA  Ps  V2  dA 

eIC  •  —  _  r;2  A 

PsVCA 

A*v‘dA 

Vi'  ”  y  psa 

fAPsV2  dA 
€lE'  ”  psv|a 

Energy  equation 

Ee  —  Ej  —  Qj_e 

~  =  Ps^c^s +-yeEc  Vc 

"7  =  PseClVihs  +  -^  eEIVf 

A  2 

~  =  PseCE^E^s  VE 

Ps  V3  dA 

eEG  •  -  _  V73  a 

PsVCA 

fAPsV3  dA 

eEI*  —  _  ^73  A 

PsvI  A 

/j  PsV3dA 

Ve-  -3  /  _ 

V  P$ A 
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TABLE  3.1. IV 

Condition  for  “Complete  Equilibrium” 


Type  of  flow 

Thermal  equilibrium 
average  static  temperature  T 

Mechanical  equilibrium 
average  velocity  V 

Swirl  free  channel  flow  with 
constant  cross  section 

Ts  =  const 

V  =  const 

Two-dimensional  cascade 
flow 

Ts  =  const 

Vn  =  const  (normal) 

Vt  =  const  (tangential) 

Coaxial  swirl  flow 

X,  =  const 

Vr  =  const  (radial) 

Vg/r  =  const  (circumf.) 

Vax  =  const  (axial) 

TABLE  3.1.V 

Radial  Distributions  of  State  Values  of  “Complete  Equilibrium” 
of  a  Coaxial  Swirl  Flow 


Values  of  state 

Incompressible  fluid:  p  =  const 

P 

Caloric  ideal  gas:  p  =  — —  (Cp  =  const) 

RT  ” 

Velocity 

Radial  component 

Vr*  =  0 

V*  =  0 

Circumf.  component 

Vf  =  r* 

V|  =  r* 

Axial  component 

V£x=  i 

VAx  =  1 

Static  state 

Temperature 

Ts*=  1 

T*=  1 

Pressure  (resp.  density) 

=  1  +4^ 

P*  =  p*  =  exp  |  (r*2  —  1  )| 

2PsH 

l2RTsH  J 

Spec,  enthalpy 

h*  -  1  +  V<9H  (r*2~  1) 
2hsH 

h*  =  1 

Spec,  entropy 

s*  =  1 

s*  =  1  +^^(r*2-l) 

2Tsh  sh 

Total  state 

Temperature 

T,*=  l;(TtH  =TsH) 

y2 

Tf-  1  +  9-  (r*2  —  1) 

2CpTtH 

Pressure 

p*  -  i  +  pV®H  (r*2  n 

_  (  vlo  ,  1  t/(y— 1) 

Pf  -  P*  <  1  +  1H  (r*2-l)} 

1  2Cp  TtH  1 

PtH 

Spec,  enthalpy 

h*  =  1  +  —  (r*2  —  1) 

V2 

hf  =  1  +  -^-(r*2  -  1) 

htH 

2hfH 
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Appendix  1 

CONSTITUTIVE  EQUATIONS  FOR  STRESS  (NAVIER-STOKES) 
AND  HEAT  CONDUCTIVITY  (FOURIER) 


1 .  CONSTITUTIVE  EQUATIONS  FOR  STRESS  (NAVIER-STOKES) 

a  =  —  Pse  +  2nd  +  £di! 
lal  =  —  Ps  lei  +  2/u I d  I  +  (id,  lei 

1 . 1  Cartesian  Coordinates 


°xx 

°xy 

°xz 

SYM 

Oyy 

ayz 

azz 

-Ps  0 


0  0 


L  o  o 

9Vv 


1/5  +  9Vy 

2  V  9y  9x 


2  V  9z 

1  /9V„ 


2  V  9z 


<9VX  9Vv 
— ^  + 
v  9x  9y 


0 

9z  / 


1  0  0 
0  1  0 
0  0  1 


1.2  Cylindrical  Coordinates 
Ur  ffrfl  ffrz  1 


°ee  a0z  =  -ps  0  1  0 

0  0  1 


1  0  0 


ir9Wf+l(9WI_w\-| 

2  L  9r  r  \  90  'J 


1  /  9WZ  9Wr 


2  '  9r 


/9W  g  \ 

— -  +  Wr 

li 

(\  9WZ 

9Wg\ 

— 

_  - — -  + 

\  90  / 

2 ' 

^r  90 

3z  / 

+  A  — -  + - -  + 

V  9r  r  90 


1  0  0 
0  1  0 
0  0  1 


2.  CONSTITUTIVE  EQUATION  FOR  HEAT  CONDUCTIVITY  (FOURIER) 

q  =  XVTS 
iq  I  =  XIVTSI 


(4a) 
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2.1  Cartesian  Coordinates 


2.2  Cylindrical  Coordinates 


(5) 
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Appendix  2 

CLOSED  SOLUTION  OF  THE  DEFINITE  INTEGRALS  ACCORDING 
TO  EQUATIONS  (128)  and  (129) 


1.  Fj :  =  J%*r*dr*  =  j'  exp  j- 


(r*2-l)>r*dr* 


substitution: 


2RTsH 


r*2-l) 


dx  =  ^H-r*dr* 


p  RTsH 

fi  = 

V0H  ■ 


rtsH 

exp(x)dx  =  — — — exp  (x) 


fi  r1 

2.  F2 :  =  £  ps  r*3dr*  =  J 


exp  <  — —  1)  f  r*  dr* 
*-2RTsH  ’ 


partial  integration  /udv  =  uv  — /vdu 


u:  =  — — r 


2RTsH  * 

du  =  sH  r*dr* 
V0H 


(2RT!H  )RT,„ 

v  =  exp(-^ip— (r**  - 1)1 

hRTsH  i 

,  fVjH,,  ,,11  2RTsH  f1 

LiRT^1"  -'ll 


F.  - 

V0H  l 


en  Jv 


(r*  —  1)1  r*dr* 


F2  =  5§^{l  -^expr-^-C^-l) 
v|H  l  L2RTsH 
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3.2  DEFINITION  OF  A  HOMOGENEOUS  FLOW  CHARACTERIZING  THE  PERFORMANCE 

OF  A  GAS  TURBINE  COMPONENT 

Nomenclature 

The  notation  used  in  this  section  is  consistent  with  the  general  nomenclature  provided  at  the  beginning  of  this 
report,  with  the  exception  of  the  following  differences  adopted  for  the  sake  of  simplification: 

F:  gross  thrust  (instead  of  Fq) 

The  subscript  —  is  used  instead  of  =  to  designate  an  average  in  the  whole  section. 

In  addition,  the  following  notation,  specific  to  this  section,  is  used: 

(//)) :  typical  ideal  evolution  of  the  fluid  in  the  reheat  channel 

(D) :  typical  ideal  evolution  of  the  fluid  in  the  exhaust  nozzle 

(E) :  given  heterogeneous  flow 

(E):  homogeneous  flow  equivalent  to  (E) 

K:  characteristic  quantity 

(Pf):  typical  ideal  evolution  in  the  combustion  chamber 

(T):  typical  ideal  evolution  of  the  fluid  in  a  compressor,  turbine  or  fan 

J:  steam  force  or  dynalpy  =Ps(l+7M2)A 

3.2.0  Introduction 

The  need  for  representing  an  actual  heterogeneous  flow  by  a  homogeneous  one  (that  means  one-dimensional)  is 
particularly  strong  during  the  research  and  development  of  a  turbojet  (or  turbofan).  The  engine  manufacturer  may  utilise 
such  an  averaged  flow  in  different  ways: 

-  First,  the  process  allows  an  easy  comparison  with  the  simple  one-dimensional  model,  often  used  to  predict  the 
performance  of  the  engine  components  or  the  complete  engine. 

—  Moreover,  an  averaging  procedure  is  necessary  for  characterizing  an  engine  component  quality  by  a  limited 
number  of  figures. 

For  example,  the  compressor  is  characterized  by  its  efficiency  (isentropic  or  polytropic)  and  its  pressure  ratio,  the 
combustor  by  the  total  pressure  loss,  etc.  when  these  components  have  been  tested  on  a  rig  test  simulating  some  flight 
conditions.  Having  so  characterized  the  engine  components,  it  is  then  possible  to  predict  the  complete  engine 
performance  in  other  flight  conditions  than  those  tested. 

A  similar  problem  arises  when  a  complete  engine  is  tested.  It  is  then  important  to  attribute  to  each  component  the 
efficiency  which  correctly  represents  that  component  input  to  the  engine  overall  performance  in  order  to  undertake 
further  research  on  the  component  which  may  and  must  be  improved.  A  poor  judgment  of  the  different  components’ 
merits  may  lead  to  very  costly  research  or  incorrect  technical  conclusions. 

Consequently,  since  the  use  of  averaged  values  is  needed  for  the  purpose  of  characterization  of  an  engine  component 
(in  which  the  flow  is  heterogeneous  during  an  actual  test)  it  is  important  that  the  averaging  method  used  be  appropriate  to 
the  component  considered.  That’s  the  reason  for  the  averaging  method  presented  here,  in  which  the  basic  criterion  is  the 
specific  function  of  each  engine  component  with  a  view  to  obtaining  an  assessment  of  the  various  components  as 
representative  as  possible  of  their  influence  on  the  final  output  which  is  the  engine  thrust  and  the  engine  specific  fuel 
consumption.  It  is  also  intended  to  ensure  a  coherent  analysis  of  the  test  results  and  accurate  prediction  of  the  engine 
performance. 

As  a  result,  in  the  following  sections  different  averaging  methods  are  described,  each  of  them  being  matched  to  a 
particular  engine  component,  while  all  the  presented  methods  are  based  on  the  same  general  principles.  One  of  the 
typical  features  of  the  methods  described  is  that  they  lead  sometimes  to  average  values  which  are  not  intrinsic,  i.e.  which 
do  not  depend  only  on  the  data  describing  the  heterogeneous  flow  but  also  on  the  conditions  downstream  of  the 
component  considered.  For  example  the  average  total  pressure  at  the  inlet  to  a  compressor  (or  turbine)  depends  on  the 
exit  total  pressure  of  the  compressor  (or  turbine).  The  average  total  pressure  at  the  inlet  to  an  exhaust  nozzle  depends 
on  the  atmospheric  pressure  and  the  expansion  ratio  across  the  nozzle. 

However,  the  non-in trinsic  character  that  some  people  might  not  like  is  in  practice  insignificant.  It  may  be  noticed, 
in  Section  4.4  where  the  method  is  applied  to  all  components  of  a  turbojet,  that  the  influence  of  the  downstream 
conditions  on  the  average  total  pressure  is  in  most  cases  very  small  (—  0.1  %)  and  often  insignificant  (<  0.01%). 
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Moreover  when  the  computation  upstream  of  a  compressor  (or  a  turbine)  is  made  with  7  =  cte,  the  method  gives  a 
total  pressure  fully  independent  of  the  downstream  conditions.  In  that  case,  the  average  total  pressure  is  given  by  a  simple 
algebraic  formula  which  is  identical  to  those  applicable  in  a  combustor  inlet.  This  formula  is  utilised  by  NASA  (Ref. 3. 2.1 ) 
and  by  ONERA. 

The  method  presented  here,  called  “Pianko’s  Method”  in  the  following  chapters,  has  been  applied  and  compared  with 
other  methods  in  the  numerical  examples  of  Chapter  4. 

3.2.1  General  Method  for  Defining  a  Flow  (E)  Equivalent  to  the  Real  Flow  (E) 

The  method  for  obtaining  average  values  of  a  given  heterogeneous  flow  (E),  which  is  described  in  the  present 
section,  uses,  as  an  intermediate  stage,  the  concept  of  the  uniform  flow  (E)  assumed  to  be  “equivalent”  to  the  real  flow 
(E).  The  aero  thermo  dynamic  values  of  (E)  will  be  regarded  as  average  values  of  the  given  real  flow.  In  the  analysis  and 
definition  of  this  equivalent  flow,  the  following  principles  have  been  applied: 

(a)  take  into  account  the  specific  character  of  each  component  of  a  turbojet/fan  and  be  able,  through  a  simple 
calculation,  to  predict  from  (E)  the  most  representative  values  of  the  functional  characteristics  of  the  compo¬ 
nent  considered; 

(b)  ensure  global  coherence  between  the  various  components  of  an  engine,  to  predict  its  overall  performance 
(essentially  thrust  and  specific  consumption). 

The  following  general  assumptions  have  been  adopted : 

(1)  (E)  and  (E)  consist  of  the  same  divariant  fluid,  that  is  to  say  a  fluid  whose  thermodynamic  properties  are 
represented  by  the  same  Mollier  diagram  (h,  s).  The  expressions  obtained  for  a  calorifically  perfect  gas  (7  and 
Cp  constant)  are  given  in  Section  3.2.7. 

(2)  The  steady  one  dimensional  calculation  method  has  been  essentially  used.  Note  that  the  method  derives  the 
average  value  at  INLET  to  a  component.  To  find  the  average  value  at  the  outlet  plane,  the  outlet  flow  must  be 
treated  as  the  inlet  to  the  next  component  in  the  engine. 

Each  component  will  be  defined  by: 

A; :  the  inlet  area 
Ag :  the  exit  area 

K:  one  or  several  characteristic  functional  quantities,  that  is  those  which  represent  the  function  or  usefulness 

of  the  component ; 


It  is  assumed  that  all  the  aerothermodynamic  quantities  of  the  flow  (E)  in  the  area  Aj  (velocity  distribution, 
densities,  temperatures,  etc.)  are  given. 

In  order  to  define  the  equivalent  flow  (E) ,  the  general  method  consists  of  going  through  the  following  steps  for 
each  component: 

(1)  define  a  typical  ideal  evolution  allowing  the  calculation  of  one  or  several  characteristic  quantities  K  of  this 
component.  The  same  calculation  will  be  used,  whether  the  flow  (E)  or  the  flow  (E)  passes  through  the 
component; 

(2)  evaluate  one  or  several  quantities  K  resulting  from  the  passing  of  the  real  flow  (E)  through  the  component 
considered; 

(3)  define  (E)  as  being  a  uniform  flow  which  leads  to  the  same  quantity  —  or  quantities  —  K  when  (E)  passes 
through  the  component  considered. 
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Dibhnbubion  of 
aerofhe-rmodynamlc  quanWtiet? 


Chorcicfe-ribHc  quant 


iffat)  K 


Characteristic  quantities  K 


Conditions  of  equivalence 
K  =  K 


We  can  see  that  the  definition  of  the  flow  (E)  depends  on  the  component  under  consideration,  through  the 
characteristic  quantities  K:  this  means  that  the  average  quantities,  calculated  by  the  proposed  method,  are  not,  in 
principle,  intrinsic  quantities  related  only  to  the  aerothermodynamic  data  in  the  plane  Aj .  As  these  quantities  are 
intended  to  represent  the  usefulness  or  the  function  of  the  component,  their  values  depend  on  how  the  gas  flow  which 
passes  through  the  component  is  used. 

Generally  speaking,  when  we  try  to  define  a  homogeneous  flow  equivalent  to  a  given  heterogeneous  flow,  we  are 
necessarily  led  to  introduce  a  degree  of  arbitrariness  and  to  lose  some  useful  items  of  information.  As  four  independent 
integral  quantities  entirely  define  a  homogeneous  one-dimensional  flow,  it  is  impossible  to  maintain  simultaneously  the 
mass  flow,  the  enthalpy,  the  entropy,  the  momentum,  the  area  and  the  thrust.  In  an  intrinsic  method  (the  results  of 
which  depend  only  on  local  conditions),  the  selection  of  the  parameters  used  is  arbitrary,  whereas  in  the  method 
proposed  here,  the  selection  is  made  in  such  a  manner  that  the  result  is  the  most  representative  of  the  component 
function. 

The  general  method  described  above  will  be  applied  successively,  for  the  sake  of  example,  to  the  following 
components : 

1  —  exhaust  nozzle 

2  —  turbine,  compressor  or  fan 

3  —  combustion  chamber 

4  —  after-burner  channel 

5  diffusor  and  air  inlet 

Remark: 

In  all  the  cases  dealt  with  below,  it  has  been  implicitly  assumed  that  the  velocity  is  normal  to  the  section  A  with  no 
swirling  velocity.  The  mass  flow  is  then  calculated  by 

dm  =  p  VdA  . 

If  the  flow  is  not  normal  to  A  the  more  general  formula: 

dm  =  pVxdA 

is  used,  Vx  being  the  component  of  V  normal  to  the  section  A. 
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3.2.2. 1  The  Typical  Ideal  Evolution  (D) 

The  typical  ideal  evolution  (D)  is  an  isentropic  expansion  which  is  adiabatic  up  to  a  given  uniform  pressure  Pse 
(possibly  different  from  the  ambient  pressure  Po).  This  ideal  evolution  (D)  is  compatible  with  an  assumption  that  the 
tangential  velocities  in  the  section  Ai  are  small  and  can  be  neglected. 

3. 2.2.2  The  Characteristic  Quantities  K  are  the  following: 

—  the  thrust  F 

—  the  mass  flow  rate  m 

—  the  total  enthalpy  flow  rate  IIt 


3.2. 2. 3  Calculation  of  the  Characteristic  Quantities  Resulting  from  the  Flow  (E): 
—  the  data  of  (E)  in  Aj  make  it  possible  to  calculate: 


—  the  total  mass  flow  rate: 


m  =  (  pjVjdAj 

Aj 

—  and  the  total  enthalpy  flow  rate: 

Hti  =  j[  htjdmj  =  jf  htjPjVjdAj. 

Aj  Aj 

We  assume  that  each  streamlet  of  (E) ,  issuing  from  the  elementary  area  dAj,  and  whose  mass  flow  rate  is  drhj 
undergoes  the  isentropic  adiabatic  expansion  (D)  from  Aj  to  the  pressure  Pse.  After  this  expansion,  the  density  and  the 
velocity  become  pe  and  Ve,  these  values  depending  on  elementary  streamlet  considered.  When  the  flow  (E)  undergoes, 
from  Aj ,  the  evolution  (D) ,  we  find  as  a  result,  an  exhaust  area  Ag  which  is  not  necessarily  equal  to  the  given  real 
area  Ae .  The  conservation  of  the  mass  flow  rate  between  Aj  and  Ag  makes  it  possible  to  calculate  A'e . 


a;  -  .  f  AhdA;  . 

•Aj  Pe  ve  *Aj  Pe  ve 


We  can  now  calculate  the  ideal  thrust  F  which  is  delivered  when  the  flow  E  is  subjected  to  expansion  (D). 


F  =  (Pse-P0)A;  +  /  Ve drhe  . 

Ae 
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3. 2. 2. 4  Determination  of  the  Equivalent  Flow  (E) 

We  shall  attempt  to  determine  (E)  so  that  after  the  evolution  (D),  we  have  not  only  Pse  =  Pse  but  also  the 
following  relations 

ril; 

Hti 

F 

As  a  result : 

Hti 

ht  =  hte  =  ht  = 

F  (Pse"“po)  F 

—  =  se  - 0  +  ve  =  — 

rh  pe  Ve  rh 

The  two  Equations  (1)  and  (2)  and  the  state  equation  enable  us  to  locate,  in  the  Mollier  diagram,  the  point  T 
representing  the  stagnation  state  of  the  flow. 

Equation  (1)  gives  ht  directly.  We  calculate  s  such Jdtaf,  taking  the  value  of  ht  into  account.  Equation  (2)  is 
satisfied.  Then  we  know  the  stagnation  state  (ht,~s)  of  (E). 


(1) 

(2) 


=  m; 
=  Hti 
=  F  . 


If  we  wish  to  define  accurately  the  local  state  of  (E)  in  Aj ,  one  (and  only  one)  additional  condition  is  required  to 
locate  this  point  along  the  isentropic  line  s. 

For  example,  we  can  take  A;  =  Aj  or  the  condition  Psj  =  Ps;  defining  thus  a  flow  coefficient  for  the  inlet  section. 
3.2.2. 5  Comments  and  Remarks 

We  note  that  the  calculation  by  the  method  described  of  the  average  values  at  the  entrance  of  the  nozzle 
(ht ,  s),  from  which  the  total  pressure  and  the  total  temperature  can  be  derived,  does  not  at  all  necessitate 
measuring  the  thrust  delivered  by  the  nozzle.  On  the  contrary,  the  method  makes  it  necessary  to  calculate  the 
thrust  F  delivered  by  the  nozzle  when  the  latter  is  the  site  of  the  typical  ideal  evolution  (D)  (that  is  to  say  an 
isentropic  adiabatic  expansion  up  to  a  given  uniform  pressure  Pse).  It  is  quite  possible,  and  even  likely,  that  this 
calculated  thrust  is  different  from  the  measured  thrust  Fm  (when  this  measurement  is  carried  out).  The  causes 
of  the  possible  difference  noticed  between  F  and  Fm  may  be  the  following: 

—  measurement  errors 

nozzle  defects  (frictions,  separations,  etc.) 

It  may  even  happen  that  the  calculated  thrust  F  is  lower  than  the  measured  thrust  Fm.  This  could  happen  in 
a  good  quality  nozzle  where  the  heterogeneous  flow  provided  in  the  entrance  undergoes  a  homogenization  by 
a  mixing  with  moderate  losses.  In  this  case,  the  thrust  calculated  for  a  heterogeneous  flow  may  be  lower  than 
the  real  thrust  delivered  by  a  homogenized  flow. 

In  the  method  described  above,  we  use  the  mass  flow  rate  through  the  nozzle.  Two  values  of  the  mass  flow  rate 
can  be  used: 
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the  mass  flow  rate  calculated  in  the  area  Aj ,  using  the  measured  local  aerothermodynamic  values 

*i  =  f  PiVidA; 

Ai 

or  the  total  measured  mass  flow  rate  measured  by  means  of  a  conventional  calibrated  device. 

It  should  be  pointed  out  that,  even  if  we  are  sure  of  the  accuracy  of  the  measured  mass  flow  rate,  it  is  the 
calculated  mass  flow  which  must  be  used.  As  a  matter  of  fact,  the  total  enthalpy  Hti  is  obtained  through  a 
calculation  which  uses  the  aerothermodynamic  values  in  the  area  Aj 

Hti  =  JhtiPiVjdAi  . 

This  being  so,  we  must  use  the  same  aerothermodynamic  values  (pj,  Vj),  that  is  to  say  use  the  calculated  mass 
flow  rate  to  calculate  the  enthalpy  per  unit  mass. 


Should  we  use  the  measured  mass  flow  rate,  different  from  the  calculated  one,  we  would  not  find  again  the 
total  temperature  of  a  homogeneous  flow. 

—  It  should  also  be  noted  that  there  are  three  different  values  for  the  nozzle  exit  area: 

—  the  real,  geometric,  measured  area  Ag 

—  the  calculated  area  Ag  for  the  typical  ideal  evolution  (D)  of  the  heterogeneous  flow  (E) 

—  the  calculated  area  Ae  for  the  uniform  flow  (E)  undergoing  the  typical  ideal  evolution  (D). 

—  A  similar  method  is  described  in  Reference  4.2.4. 

Important  remark: 

To  calculate  the  thrust  F  corresponding  to  (E),  it  is  first  necessary  to  calculate  Ag ,  for  example  by  using  the 
mass  flow  rate  conservation  equation.  In  fact,  the  relations: 

p  =  p 

1 se  1 se 
m  =  m 
Hti  =  Hti 
F  =  F 

imply  that,  when  (E)  is  not  uniform,  Ae  is  different  from  Ag  . 

This  means  that,  when  we  calculate  the  thrust  of  a  nozzle  from  the  average  flow  within  its  inlet  plane,  it  is  necessary 
(among  other  corrections)  to  apply  a  coefficient  to  the  exit  area  Ae,  that  is  to  take  Ag  =  Ag.  If  we  do  wish  to 
have  Ae  =  Ag ,  we  must  give  up  one  of  the  relations  used,  and,  for  example,  accept  m  #  rh. 

The  average  total  pressure  Pt,  which  will  be  calculated  by  applying  the  method  described  above,  is  not  an 
intrinsic  quantity  related  to  the  given  heterogeneous  flow,  since  it  depends  on  the  value  of  the  static  pressure  Pse 
chosen  in  the  exit  plane  of  the  nozzle,  and  on  the  value  of  the  ambient  pressure  P0  .  The  calculation  examples 
given  in  Chapter  4  make  it  possible  to  know  the  order  of  magnitude  of  the  influence  of  Pse  and  P0  on  the  value 
ofPt. 


3. 2. 2. 6  Application 

At  section  Aj,  entrance  to  a  nozzle,  the  flow  is  supposed  described  by  the  distribution  of  the  total  pressure,  total 
temperature,  static  pressure  and  fuel/air  ratio.  That  means  that  to  each  elementary  area  A  A;  is  associated  a  value  of 
H*ti j  Ttj,  P  sj  and  FARj.  It  is  also  assumed  that  the  tangential  velocities  may  be  neglected. 

For  the  development  of  the  calculation,  we  assume  that  the  values  of  the  following  integrals  are  tabulated: 

h  =  £  vT>dT 

Ao 

and 

1  fT  Cp(T) 

$  =  -  dT 

R  JT  T 
A0 

with  an  arbitrary  origin  T0  ,  as  a  function  of  the  temperature  and  air/fuel  ratio. 
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This  allows  the  calculation  of  entropy  per  unit  mass  s  =  R[<f>  —  In  P]  . 

By  writing  that  the  entropy  calculated  with  total  values  (pressure  and  temperature)  is  equal  to  the  entropy  calculated 
with  static  values,  we  can  calculate  in  each  point  of  the  area  Aj,  the  value  of  'JKTgj) 

<KTsi)  =  Rln^i  +*(Tti) 

Fti 


which  yields  the  static  temperature  Tsj . 

Then,  the  latter  gives  h(Tsj)  and  the  velocity  is  obtained  by 


V;  =  V2[h(Tti)-h(Tsi)]  . 


The  static  pressure  Psj ,  the  static  temperature  Tsj  and  the  equation  of  state  give  the  density 


hence  the  local  flow  rate 


Pi  = 


Psi 

RTsi 


and  the  total  enthalpy 


drrij  =  PjVjdA; 


dHti  =  h(Tti)driij  . 

The  main  assumption  is  that  each  streamlet  undergoes  an  isentropic  expansion  down  to  the  area  d  A'  where  the 
static  pressure  is  Pse  .  As  we  also  know  Pte  Pfl  and  Tte  =  Tti,  we  can  calculate  by  the  method  used  above: 

.  dm.- 

Tse  ,  Ve ,  pe  and  dAe  =  — —  . 

PeVe 


Then,  we  calculate  the  thrust  delivered  by  the  mass  flow  rate  dihj 


dF  =  (Pse-P0)dA^  +Vedmi. 


From  the  values  computed  at  each  area  AA; ,  by  summing  we  obtain 

—  mass  flow  rate :  ihi  =  2 dm; 

—  enthalpy:  Ht;  =  2h(Ttj)drhj 

—  ideal  thrust :  F  =  2dF 

.  _  Hu 

—  the  enthalpy  per  unit  mass  is:  htj  = -  . 

rfij 

This  corresponds  to  a  temperature  Tti  such  as 


htl  =  h(Tti)  . 


F  F 


By  writing  that  F  =  F  or  else  — -  = — ,  we  obtain  the  equation 

m  m 


(Pse-P0)  _  F 

se  ..  —  +  Ve  =  —  . 
Peve  m 


If  we  take  into  account  the  state  equation  =  RTse  ,  this  equation  can  also  be  expressed  as  follows : 

Pe 


(Pse-Pp) 

Pseve 


RTse  +  Ve 


F 

m 


66 


which,  with  the  equation 

-  -  Ve 

hti  —  hte  —  h(Tse)  H  — 

makes  up  a  system  of  two  equations  with  two  unknown  quantities  Tse  and  Ve . 

By  solving  these  two  equations  we  know  the  values  of  Ve  and  Tse  .  From  the  latter  we  obtain  <5se  =  $(Tse). 

We  calculate  the  total  pressure  which  we  are  trying  to  define  Pt  by  writing  that 
$(Tt)-ln  Pt  =  <KTse)-lnPse 

from  which  we  derive 

In  =  <f>(Tt)-4*(Tse) 

*se 

therefore 

pt  =  Pse  exp[<f>(Tt)-<f>(Tse)]  . 

The  quantities  characterizing  the  homogeneous  flow  (E)  are  therefore  known :  Tt  and  Pt . 

The  local  values  (static  temperature,  static  pressure,  velocity)  of  the  homogeneous  flow  (E)  may  be  calculated 
by  assuming  a  value  for  the  area  Aj . 

3.2.3  Turbine,  or  Compressor,  or  Fan 

3. 2. 3.1  The  Typical  Ideal  Evolution  (F) 

The  typical  ideal  evolution  (F)  is  an  isentropic  expansion  (or  compression),  which  is  adiabatic  up  to  a  fixed 
stagnation  pressure  Pte. 

3.2. 3.2  The  Characteristic  Quantities  K 

The  characteristic  quantities  K  which  have  been  selected  are: 

—  AHt  the  variation  of  the  total  enthalpy  flow  during  (D 

—  the  mass  flow  rate  rh 

—  the  total  enthalpy  flow  Htj  at  the  entrance  of  the  component. 

3. 2. 3. 3  Calculation  of  the  Characteristic  Quantities  Resulting  from  the  Flow  (E) 

—  As  in  the  case  of  the  nozzle,  we  calculate  the  total  mass  flow  within  the  section  A;: 

rhi  =  f  PjVjdAi 
A, 

and  the  total  enthalpy  flow: 

Hti  =  J  hti  drhj  =  [  htipj VjdAj 

Aj  A  j 

—  The  evolution  (F)  applied  to  each  streamlet  drhj  from  the  initial  state  (htj,  sj)  to  Pte,  determines  the  variation 
of  the  enthalpy  per  unit  mass  Aht,  from  which  we  deduce  the  value  of 


AHt  = 


•Ai 


Aht  drhj 


h 
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3.2. 3.4  Determination  of  the  Equivalent  Flow  (E) 


We  wish  to  determine  (E)  which  has  the  same  total  enthalpy  flow  at  the  inlet,  that  is  Htj  =  Htj,  the  same 
mass  flow  rate  m  =  rh  and  such  that  after  the  evolution  (T)  we  have  AHt  =  AHt  which  leads  to: 


Aht 


AHt 

riii 


hti 


Hu 

riij  ‘ 


(3) 

(4) 


The  two  Equations  (3)  and  (4)  make  it  possible  to  locate  the  point  i  of  the  flow  (,E)  in  the  Mollier  diagram. 
In  fact,  as  htj  is  known,  it  suffices  to  define,  on  the  enthalpy  line  htj,  a  point  T  such  that  through  the 
transformation  (E)  we  may  have: 


Aht 


AHt 

ihi 


Then  we  know  the  stagnation  state  (E)T:  hti,  sj 


3. 2. 3. 5  Comments  and  Remarks 


—  As  in  the  case  of  the  nozzle,  the  mass  flow  to  be  used  is  that  calculated  in  the  area  Aj,  and  not  the  measured 
mass  flow. 

-  In  the  case  of  a  fan  or  compressor,  the  assumption  of  a  calorifically  perfect  gas  (7  =  const.)  is  quite  realistic.  In 
this  case,  as  shown  in  Section  3.2.7  the  total  pressure  of  the  homogeneous  flow  (E) 


Pti  = 


J  Ttidm,- 


I 


Aj  tT 

is  independent  of  the  pressure  ratio. 


Iti 

p(7-l)/7  dmi 


7/(7-!) 


3.2. 3. 6  Application 

We  shall  deal  here  with  two  cases  of  calculation  related  to  a  compressor  (or  fan)  (with  the  assumption  7  =  const) 
and  to  a  turbine. 
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Example  of  a  compressor  (or  fan) 

The  formula  applicable  when  7  =  const,  gives 


r.i  = 


The  calculation  of  the  mass  flow  dm,  at  each  AAj  is  elementary  when  the  values  of  ^ti>  Ttj  and  the  static 
pressure  Ps;  are  known. 

The  total  temperature  Tti  is  given  by 


Example  of  a  turbine 

The  flow  entering  a  turbine  is  usually  rather  heterogeneous  and,  taking  into  account  the  temperature  level,  the 
use  of  a  constant  value  of  7  cannot  be  justified. 


We  regard  as  known  the  functions 


h(T)  =  JT  Cp(T)dT 


and 


<h(T) 


-if- 

RJ 


Cn(T) 


-dT 


as  a  function  of  T  and  the  fuel/air  ratio. 


For  each  streamlet  with  inlet  area  AAj,  we  calculate,  as  in  the  case  of  the  nozzle,  the  static  temperature  Tsj,  the 
velocity  V;  and  the  density  pp  These  quantities  give  the  elementary  mass  flow 


dm;  =  pjVjdAj  . 

Knowing  Tti,  we  have  h(Ttj);  as  this  streamlet  undergoes  an  isentropic  expansion  to  Pte ,  we  have,  writing  that 
S;  —  se  : 

$(Tti)  -  In  Pti  =  $(Tte)-lnPte 

therefore 

$(Tte)  =  ln-^  +  $(Tti)  . 

"ti 

From  the  function  4>(Tte)we  obtain  Tte,  from  which  we  derive  hte  .  Then,  we  know  the  enthalpy  at  the  inlet  Htj 
and  at  the  exit,  Hte . 

Hti  =  /hti  dm; 

Hte  =  /hte  dm;  • 

Now,  we  know  the  enthalpy  per  unit  mass  at  the  inlet: 


to  which  corresponds  the  temperature  Tt; . 


Likewise,  we  calculate  the  enthalpy  per  unit  mass  at  the  exit: 


h 


te 


Hte 

*1 


to  which  corresponds  the  temperature  Tte  . 
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Then,  we  calculate  the  total  pressure  ?ti  ,  writing  that  the  flow  (E)  undergoes  an  isen tropic  expansion  between 
the  areas  Aj  and  Ae ;  that  is : 


*(Tte)-lnPte  =  *h(Ttj)  —  In  Pti 

from  which: 

InllL  =  q>(fti)-4>(Tte)  . 

Me 

Hence 

Pti  =  Pteexp[4>(ft;)-<f>(Tte)j  . 

The  quantities  generating  the  homogeneous  flow  (E)  are  therefore  known:  Tt;  and  Pti- 

The  local  values  (static  temperature,  static  pressure,  velocity)  of  the  homogeneous  flow  (E)  may  be  calculated 
by  assuming  a  value  for  the  area  A;. 

The  average  total  pressure  Ptj  thus  calculated  is  not  an  intrinsic  quantity  since  it  depends  on  the  value  of  Pte 
taken  at  the  turbine  exit.  The  influence  of  Pte  on  the  value  of  Pt;  is  examined  in  Section  4.4. 

3.2.4  Combustion  Chamber 

3.2.4. 1  The  Typical  Ideal  Evolution 

The  typical  ideal  evolution  is  a  given  increase  of  the  total  enthalpy  flow  AHt ,  without  any  thermal  losses  and  with 
as  few  pressure  losses  as  possible.  For  this  purpose,  we  shall  take  a  constant  pressure  combustion  (Pf)  a  given  pressure 
Psi  and  a  fixed  fuel/air  ratio  FAR. 

It  is  realistic  to  assume  that  at  the  inlet  to  the  combustor,  in  the  area  Aj ,  the  pressure  is  uniform-  (Ps;  =  const.)  . 
This  pressure  will  be  assumed  for  the  constant  pressure  combustion. 

When  the  static  pressure  in  the  plane  Aj  is  not  uniform,  the  method  described  here  can  nevertheless  be  applied,  as 
explained  in  the  remark  at  the  end  of  this  section. 

With  the  ideal  evolution  chosen,  there  is  no  velocity  variation  between  the  areas  Aj  and  Ae  ,  that  is: 

Aht  =  Ahs 
or 

Ece  =  (1  +  FAR)Eci . 

3. 2. 4. 2  The  Characteristic  Quantities  K 
The  characteristic  quantities  K  are: 

—  the  total  enthalpy  flow  Hte  at  the  exit 

—  the  entropy  flow  Se  at  the  exit 

—  the  mass  flow  m 

—  the  kinetic  energy  flow  Ece  at  the  exit 

3. 2.4. 3  Computation  of  the  Characteristic  Quantities  Resulting  from  the  Flow  (E) 

—  As  previously,  we  calculate  the  mass  flow  in  the  area  A; : 

ihj  =  J  PjVjdAj 

the  total  enthalpy  flow 

Hti  =  jf  hti  driM  =  f  PiVjhtidAj 

Aj  Aj 

and  the  static  enthalpy  flow: 

H  =  [  hs;  dm;  =  f  P; VjhsjdAj  . 
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In  a  similar  way,  we  calculate  the  kinetic  energy  flow 

Eci  =  2  IA.Vidlhi  =  2  i.piVidAi 

and  the  entropy  flow  rate 

S;  =  I  S;dril;  =  [  S;P;VjdAj  . 

•As  ■As 


-  The  evolution  (Pf)  determines  for  each  element  dm;  of  (E)  the  increase  of  enthalpy  per  unit  mass : 

Aht  =  (1  +FAR)hte-hti  =  (FAR)(FHV) 

(FHV  being  the  heating  value  of  the  fuel). 

The  increase  of  the  total  enthalpy  flow  is: 

AHt  =  /  Aht  driii  =  (FAR)(FHV)mj 
Ai 

hence: 

Hte  =  Hti  +  AHt  =  Hti  +  (FAR)(FHV)rhj  . 

Since  a  constant  pressure  evolution  is  assumed,  therefore  no  change  in  velocity  is  expected.  V/e  have 

Hse  =  Hsi  +  (FAR)  (FHV)ih; . 

Therefore,  we  know  the  enthalpies  per  unit  mass 

Hti  Hsj  Hte  Hse 

rhj  ’  rh;  ’  me  rhe 

On  Mollier’s  diagram,  the  entropy  se  at  the  exit  is  therefore  determined,  and  we  can  calculate: 

Se  =  (1  +  FAR)  J  sedrhj . 

At 

3. 2.4. 4  Deteimination  of  the  Equivalent  Flow  (E) 

This  flow  must  be  such  that: 

Hte  =  Hte  =  Hti  +  (FAR)(FHV)ihi 

=  se 
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F  =  F 
Jjce  Lxe 

Now,  the  elevation  (Pf)  applied  to  (E)  determines 
Hte  =  Hti  +  (FAR)(FHV)ihi 

wliich  leads  to : 

Hti  =  Hti 

hence : 

hti  =  ~T  I  htidihj. 

_ mi  A; _ 

—  In  addition,  since  the  velocity  is  invariant  in  the  constant  pressure  evolution,  we  have: 

Hte  -  Hse  =  (1  +  FAR)[Hti  -  Hsi] 

Hte  —  Hse  =  (1  +  FAR)[Hti  —  Hsi] 
which,  with  the  equivalence  Ece  =  Ece  leads  to:  Hsj  =  Hsj  that  is: 


Knowing  hsj ,  htj  and  the  pressure  PSj  we  can  entirely  determine  the  flow  (E)  whose  stagnation  state  and  local 
state  we  now  know. 


—  We  note  that  the  flow  (E)  has  been  defined  without  resorting  to  the  condition 

=  Se  . 

However,  the  above  relation  is  verified  if  the  flow  distortion  is  small  enough  to  permit  the  linearization  of  the 
relation  s(h,  P)  in  the  area  A.  In  fact,  if  we  can  write: 

se  —  (hse  hse) 
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then,  we  obtain 


Se  =  /(I  +FAR)sedrhj  =  rhj(l  +FAR)se  =  Se 

provided  that  the  relation  /hsedmj  =  ihjhse  is  verified.  This  relation  which  can  also  be  written  Hse  =  Hse 
is  obvious  since 


Hse  Hte  Ece 


and 


Hse  Hte  Ece  . 
Now,  we  do  have,  by  definition 


and 


Hte  =  Hte 


F  =  F 
*^ce  ^ce 


3. 2.4. 5  Comments  and  Remarks 

As  in  the  other  cases  dealt  with  previously,  the  mass  flow  to  be  used  is  that  calculated  in  the  area  Aj  and  not  that 
measured. 


We  notice  that  the  stagnation  state  of  (E)  at  the  combustor  inlet  is  independent  of  the  fuel/air  ratio.  This  is  why, 
although  in  principle,  the  assumption  of  y  =  const,  is  not  realistic  for  a  combustion,  we  can  nevertheless  carry  out  the 
corresponding  calculations  and  calculate  the  average  values,  as  these  are  not  influenced  by  combustion.  It  is  shown  in  the 
Annex  that 


Pti  = 


/  Ttj  drhj 
JAj 


Aj  rtT 


y/(y-l) 


We  recognize  the  formula  which  was  obtained  for  the  compressor  (or  fan  or  turbine). 

-  In  the  assumption  of  a  calorifically  perfect  gas  (Cp  =  const.),  AS  is  determined  by  AH  in  a  constant  pressure 
transformation,  so  that  the  evolution  (Pf)  applied  to  (E)  will  ensure: 

AS  =  AS 

which  implies,  since  Se  =  Se 
^  =  Si  . 

—  In  principle,  the  above  calculations  use  a  Mollier  diagram  corresponding  to  the  pure  air  for  the  state  at  the 
combustor  inlet  (area  A;)  and  to  the  burnt  gases  with  the  fuel/air  ratio  equal  to  FAR  for  the  combustor 
exit  (area  Ag) 

Important  remark 

Case  when  the  static  pressure  in  the  plane  A;  is  not  constant 

The  knowledge  of  ht; ,  hs;  and  of  the  mean  static  pressure  Psj  is  required  to  calculate  the  stagnation  state  and 
local  state  of  (E).  In  what  precedes,  it  has  been  assumed  that  the  static  pressure  of  the  flow  (E)  was  constant  in  the 
section  Ai(Ps;  =  const.)  and,  in  this  case,  it  has  been  assumed  that  the  static  pressure  of  (E)  was  of  equal  value. 

When  Ps;  is  not  constant,  it  is  always  possible  to  use  the  general  method  to  calculate: 

hi  =  T~  /  htidmi 
nij  A; 

and 

hsi  =  —  f  hgjdihj 
mi  Aj 

however,  it  is  necessary  to  know  the  mean  static  pressure  Psj  prior  to  defining  (E). 

It  is  possible,  of  course,  to  calculate  a  mean  pressure  of  the  Psj’s  in  a  purely  arbitrary  manner  (area  averaged 
mean  value  is  often  used). 
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However,  there  is  also  a  more  rational  method  for  calculating  a  static  pressure  Psj  of  (E).  When  the  flow  (F)  is 

—  homogeneous  in  total  pressure  (P[j  =  const.) 

—  homogeneous  in  total  temperature  (Tt;  =  const.) 

—  non  homogeneous  in  static  pressure  (Psj  variable  in  Aj) 

then  it  is  easy  to  demonstrate  that  there  is  a  single  value  of  Psj,  such  that,  by  applying  the  general  method,  we 
find : 

Pti  =  Pti  • 

Based  on  the  calculations  carried  out  in  Section  3.2.7,  it  is  easily  demonstrated  that  for  a  calorifically  perfect  gas 
(7  =  const)  this  value  of  Psi  is  given  by 


Psi  = 


f  (Psi)(7~1)/7  drhj 

•'Aj 


/  dm; 


Ai 


7/(7  1) 


It  is  recommended  to  resort  to  this  formula  to  deal  with  all  the  cases  when  the  static  pressure  of  the  flow  (E)  is  not 
constant  within  A;. 


3. 2. 4. 6  Application 

Applying  the  same  methods  as  those  used  previously,  we  calculate 
mi  =  j  drti;  ;  Htj  =  /  htidm; 


and 


Aj 


Hsj  /  hsjdihj  . 


Then,  we  know 


and 


hti  = 


^si 


Hti 

—  hence  Ttj 
hi; 


H. 


si 

hi; 


hence  Ts;  . 


The  entropy  per  unit  mass  is  given  by 

Sj  =  R[<F(Tsi)  —  In  Psj] 

Ptj  is  then  given  by 

®(Tsi)  — lnPsi  =  <F(Tti)  — In  Pti 

that  is 


Pti  =  Psi  exp[4»(Tti)  —  ^(Tj-i)]  . 


We  know  the  quantities  generating  the  homogeneous  flow  (E),  ^ti)  Pti  and  static  pressure  Ps.  All  other  static 
values  may  be  then  calculated. 


3.2.5  Afterburner  Channel 

3.2. 5.1  The  typical  ideal  evolution  (//))  will  be  combustion  in  a  constant  section,  without  any  thermal  losses  nor  wall 
friction,  with  a  given  fuel/air  ratio  FAR.  We  shall  note  that  the  evolution  (fA)  necessarily  retains  the  momentum 
dynalpy  or  stream  force  of  the  flow : 

J;  =  Je  . 

3. 2. 5. 2  The  Characteristic  Quantities  K 
The  characteristic  quantities  K  are: 

the  mass  flow  m 

the  total  enthalpy  flow  at  the  exit  of  the  afterburner  channel  Hte 
—  the  stream  force  or  dynalpy  at  the  exit  of  the  afterburner  channel  Je . 
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3.2. 5. 3  Calculation  of  the  Characteristic  Quantities  Resulting  from  the  Flow  (E) 
-  As  previously,  we  calculate  the  mass  flow  in  the  area  Aj 

*i  =  l  Pi  Vi  d  A;  . 

Aj 

The  mass  flow  at  the  exit  is  (1  +  FAR)rh;. 

We  calculate  the  total  enthalpy  flow  in  the  area  A 

Hti  =  /  htidrtli  =  jf  htjP;  VjdAj 
Aj  Aj 

then  the  total  enthalpy  flow  at  the  exit: 

Hte  =  Hti  +  (FAR)(FHV)mj  . 

Finally,  the  dynalpy  at  the  exit  Je : 

Je  =  Ji  =  I  (Psi  +  PiVf)dAi. 

Aj 


3. 2. 5.4  Determination  of  the  Equivalent  Flow  (E) 

—  (E)  must  satisfy  the  following  relations 

rh;  =  rhi 
Htc  =  Hje 

-  Je  =Je- 

Now  the  transformation  ((A)  applied  to  (E)  gives: 

Hte  =  Hti  +  (FAR)(FHV)m; 

which  leads  to 

Hti  =  Hti  • 

In  addition,  (fA)  applied  to  (E)  leads  also  to: 

Je  —  Ji 

(E)  is  therefore  such  that 

!rh;  =  rh; 

Hti  =  Hti 

Ji  =  Ji  • 

These  relations  can  also  be  written  as  follows: 


( 


Pi  Vi 


* i 

A; 


<  hti 


h.j  + 


Vf 


Hti 

rii5 

1 


[Psi  +  PiVf 


—  The  three  previous  equations  include  three  main  unknown  quantities  pj,  Psj,  Vj,  since,  by  definition 

h  =  h(P,  p).  The  problem  is  therefore  determined  and  we  can  calculate  pj,  Psj,  Vj,  which,  with  hti,  determine 
entirely  the  flow  (E)  (stagnation  and  static  states). 


3. 2. 5. 5  Comments  and  Remarks 

As  in  the  other  cases,  the  quantities  which  will  be  used  to  calculate  the  stagnation  state  of  the  homogeneous 
flow  (E)  will  be  calculated  and  not  measured  ones  (mass  flow,  momentum). 
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It  may  he  noted  that  the  equations  used  to  determine  the  flow  (E)  are  independent  of  the  fuel/air  injected  into 
the  afterburner  channel,  and  depend  only  on  the  state  of  the  flow  (E)  in  the  area  Aj .  These  three  equations  are 
identical  to  those  which  we  would  obtain  by  writing  that  the  heterogeneous  flow  (E)  homogenizes  in  the  course 
of  an  adiabatic  mixing  process  at  a  constant  section,  and  without  friction  on  the  walls. 

3. 2. 5. 6  Application 

The  three  equations  given  in  Section  3. 2. 5. 4  give  the  values  of  joj,  Ps;,  and  V;.  The  value  of  the  total  enthalpy  per 
unit  mass  hq  =  Hq/ihj  gives  the  value  of  the  total  temperature  Tq.  The  state  equation  gives  the  value  of  the  static 
temperature  Tsi  =  Psi/Rpj.  Then  the  total  pressure  is  obtained  by  writing  that  the  entropy  computed  with  total  values 
is  equal  to  that  computed  with  static  values 

<b(Tti)-lnPti  =  <E(Tsi)-lnPsi 

and 

Pti  =  Psiexp[$(fti)-$(Tsi)]  . 

3.2.6  Diffuser  and  Air  Intake 

If  we  try  to  apply  the  general  method  to  the  case  of  a  diffuser  (and  the  case  of  an  air  intake)  considered  per  se  as  a 
component,  we  are  confronted  with  a  particular  difficulty.  As  a  matter  of  fact,  the  real  component  is  usually  adiabatic 
and  has  a  constant  flow  rate;  therefore,  the  normal  assumptions  used  to  define  (E)  include  the  equalities: 

rh;  =  ihi  j 

1  r  >  (5) 

hti  =  —  !  hti  dm; 

mf  JA(  ) 

But  the  typical  evolution  which  should  be  an  isen tropic  recompression  without  any  external  work  cannot  be 
achieved  for  the  flow  (E) ,  as  neither  the  boundary  layers  nor  the  low  speed  streamlets  cannot  undergo  it.  So,  we  have  the 
choice  of  two  avenues  to  solve  this  problem: 

(a)  either,  consider  the  diffuser  or  air  intake  as  being  part  and  parcel  of  the  preceding  or  the  following  component 
(for  instance  the  compressor  for  the  air  intake,  or  the  combustor  for  the  diffuser)  and  apply,  at  the  inlet  and 
at  the  exit,  the  method  defined  for  the  complete  component  considered; 

(b)  or,  develop  a  specific  method  different  from  the  general  one.  This  method  may  be  for  instance  the  definition 
of  a  homogeneous  flow  which  possesses  in  the  inlet  area  Aj  a  number  of  integral  quantities  calculated  on  the 
basis  of  the  given  heterogeneous  flow.  For  the  sake  of  example,  three  sets  of  integral  quantities  providing  the 
means  of  defining  a  homogeneous  flow  are  proposed  below 

(bl)  —  mass  flow  (b2)  —  mass  flow  (b3)  mass  flow 

—  enthalpy  flow  —  enthalpy  flow  enthalpy  flow 

—  area  —  area  -  area 

—  static  pressure  —  dynalpy  —  entropy  flow 

In  procedure  (bl),  it  is  explicitly  assumed  that  the  given  flow  (E)  has  constant  pressure  in  the  section  Aj . 

The  procedure  (b2)  amounts  to  considering  a  constant  section  mixing  of  (E). 

3.2.7  Case  of  the  Calorifically  Perfect  Gas 
3. 2.  7. 1  Exhaust  Nozzle 
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H, 


Here,  the  equality  hti  =  — —  is  written  as  follows: 


Tti  =  —  /  Tti  dm;  • 
mi  Aj 

Each  element  dm;  of  (E)  delivers  a  thrust: 

dF  =  Ve  drhj  +  (Pse  —  P0)dAe 


that  is 


dF  =  Ve  dm,  + 


(Pse  -  Po)  . 

amj  . 


Pe^e 

The  thrust  F  delivered  by  the  flow  (E)  is  therefore 

(Pse-Po) 


■1 


Ve  + 


Pe 


J  drhj  . 


The  thrust  delivered  by  the  flow  (E)  is: 

F  =  Ve  rhj  +  (Pse  —  P0)  Ag 
that  is,  after  elementary  transformation : 


F  = 


nt 


rii\/VRTte  LMe  +  P. 


P  —  P 

i  se  rn  1 


7MeJ 


n  +— — -  M| 
2  e 


where  we  know 

and 


m;  =  m; 


Tte  =  Tti  =  —  f  Tti drni  ■ 

mi  ■'Aj 


The  fundamental  equality  F  =  F  is  therefore  written  as  follows 

i _ f  r 

^yRTu  l.  L 


m  ,  Pse _ Po  x  1 


Me  + 


YMe 


/+VM‘ 

whose  solution  gives  Me  .  Then,  we  calculate: 


riiji/yRTti  JAi  L  e  +  pe V, 


Pse -Pi 


— jditii 


—  I  _  \t/(t-1) 


Pte  Pti  Pse  (y  (  d-  ^  ^1  ) 


3.2.  7.2  Turbine,  or  Compressor,  or  Fan 

The  isen tropic  expansion  (or  compression)  of  each  streamlet  drhj  of  the  flow  (E)  makes  it  possible  to  write: 

AHt  =  j f  Aht  dm;  =  /  hte  drill -Hti 
Aj  Aj 


,  r  i  pte\(r'1)/7 

=  CP  J4  Tte  drill -Hti  =  CP  J  Tti  ' 


"Ai 


The  isentropic  expansion  or  compression  of  the  flow  (E)  gives: 


Ai 


■j  drill -Hti  • 


p  x(7-i)/T  __  _ 

AHt=CpTti(-^i  riij  —  Hti  . 

Pti ' 
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Taking  into  account  the  fact  that  Ht;  =  Htj ,  we  find  that 

'P  tsSr-Wv  -  r  /pta\(y~iyy 


drhj  . 


The  total  pressure  Pti  of  the  flow  (E)  at  the  inlet  to  the  component  is  given  by. 

Tti  _  J_  f  Tti  ,  , 

(Pti)(7-l)/7  ihj  iA.  Pft-Wy  m'  ‘ 

We  note  that  Tu/nrWi  is  the  value,  averaged  by  the  mass  flow  of  T(j/P[?  whose  logarithm  is  proportional 
to  the  entropy. 

Taking  into  account  the  fact  that  T^j  =  —  f  Ttjdm,  we  obtain: 

riij  Aj 


Pti  = 

/.  Ttidriij 

y/(  7-1) 

I  pCy  i)/7  dmi 

L  Aj  ti  J 

It  should  be  pointed  out  that  in  the  case  of  a  caloriflcally  perfect  gas,  Ptj ,  the  mean  total  pressure  of  the  flow 
(E)  at  the  inlet  of  the  component  is  independent  of  Pte ,  that  is  to  say  independent  of  the  pressure  (or  expansion)  ratio. 

3.2.  7.3  Combustion  Chamber 

In  the  case  of  y  =  const ,  the  enthalpy  per  unit  mass  (total  and  static)  is  expressed  by: 
ht  =  CpTt 

CpTt  _  CpTt 


hs  =  CpT,  = 


and  the  entropy  per  unit  mass  is  expressed  by 


1  +  - — -  M2 
2 


Pt\(7-])/7 


/PA*-7' 

VP./  • 


x7/(7~i)  jyliy-i) 

s  =  R  In  — -  =  R  In  — - - 


The  equalities 


and 


hti  = 


he  i 


l  P*ti  driij 
Ai 


ril; 


1  hsidriii 
Ai 


are  written 


and 


1  r 

Tti  =  —  x  J.  Tti  driii 

nij  •'A; 


Tei  = 


mi 


Tti 


Pti\(7“l)/7 


drhj 


Ai 

The  total  pressure  Pt;  is  calculated  then  by 

Ttilr/(T_1) 


Pti  Psi  x 


LTsiJ 
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hence 

f  Ttidiiij  1T/(T  ]) 
jAj 

^=mdlhi 

in  the  case  where  Ps;  =  const ,  it  follows : 


It  should  be  noted  that  this  formula  is  identical  to  those  of  a  turbine  (or  compressor  or  fan). 

3.2.  7.4  Afterburner  Channel 

In  the  case  of  y  =  const  the  three  equations  of  Section  3. 2. 5. 4  (conservation  of  the  flow  rate,  total  enthalpy  and 
dynalpy)  are  written  as  follows : 


rii; 


PsiAi(l  4-7M?)  =  Jj  [=  /a  Psi(l  +  TM?)dA;J 
By  dividing,  side  by  side,  the  first  equation  by  the  third  one,  we  obtain 


whose  solution  is 

Mf 

Knowing  M;  we  calculate 

Psi 

and 
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COMPARISON  OF  FLOW  AVERAGING  METHODS 


SUMMARY 

The  intent  of  this  chapter  is  to  coalesce  the  material  from  the  preceding  chapters  into 
numerical  examples  that  illustrate  the  difference  in  results  obtained  from  different  flow 
averaging  methods. 

The  analytical  or  experimental  examples  which  include  ducted  flows,  engine  exhaust 
nozzle  flows,  turbomachinery  component  flows  and  engine  system  analyses  are  intended  to 
illustrate  the  type  of  flow  averaging  problems  encountered  and  the  impact  of  the  different 
flow  averaging  methods  on  engine  component  and  engine  system  performance  evaluation. 

The  objective  of  the  section  on  ducted  flows  is  to  provide  a  systematic  numerical 
illustration  of  basic  single  plane  averaging  methods  for  total  pressure.  A  selection  of  other 
parameters  is  included.  A  broad  and  detailed  parametric  variation  includes  the  effect  of 
Mach  number,  1/nth  power  laws  and  boundary  layer  thickness. 

By  means  of  experimental  data  from  exhaust  nozzle  flows  the  problems  of  defining 
nozzle  mean  flow  properties,  flow  coefficients  and  nozzle  performance  efficiency  for 
nonuniform  flowfields  and  the  problems  of  relating  uniform  flow  model  data  to  full  scale 
engine  test  results  are  discussed.  Examples  of  different  nozzle  flowfield  averaging  methods 
using  data  from  different  bypass  turbofan  engine  tests  are  presented. 

One  dimensional  properties  of  turbomachinery  flows  are  examined  using  analytical 
data  for  a  single  stage  compressor  and  a  two  stage  hot  turbine.  The  axisymmetric  flow  fields 
are  represented  by  one  radial  distribution  of  flow  properties  in  each  plane.  To  examine  the 
magnitude  of  the  differences  likely  to  be  found  in  practice,  sample  calculations  have  been 
done  on  actual  test  results  from  compressor  inlets  at  different  distortion  conditions. 

The  final  section  contains  an  application  of  the  Pianko  method  of  averaging,  described 
in  section  3.2,  to  a  set  of  coherent  data  representing  the  different  sections  of  a  turbojet, 
such  as  inlet  of  compressor,  combustor,  turbine,  diffusor,  reheat  channel  and  nozzle. 
Comparison  is  made  between  the  Pianko  and  the  Dzung  method. 


4.1  DUCTED  FLOW 

A  Cross-sectional  Area 

m  Mass  flow  rate 

M  Mach  number 

M0  Mainstream  Mach  number 

Ps  Static  pressure 

Pt  Total  pressure 

R  Gas  constant 

R0  Outer  diameter  in  axial  symmetry.  Duct  half-width  two-dimensionally. 

Ts  Static  temperature 

Tt  Total  temperature 

v  Local  velocity 

6  Nominal  boundary-layer  thickness 

e2  Momentum  flux  coefficient 

e3  Energy  flux  coefficient 

—  Over  a  character  indicates  a  mean  value  of  some  form  defined  locally  in  the  text. 

1  Indicates  an  initial  condition. 
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4.1.1  The  objective  of  this  section  is  to  provide  a  systematic  numerical  illustration  of  averaging  methods  not  confused 
by  experimental  error  or  traverse  detail  limitations.  The  five  basic  averaging  methods  for  total  pressure  of  Mass  Weight¬ 
ing,  Area  Weighting,  Mass  Derivation,  Constant  Momentum  Mixing  in  a  constant  area  duct  (Dzung)  and  Constant 
Entropy  Flux  (Livesey)  are  compared  directly.  A  selection  of  other  parameters  is  also  presented,  including  momentum 
and  energy  flux  coefficients,  three  forms  of  mean  Mach  Number,  maximum  to  mean  velocity  ratio  and  the  ratio  of  the 
mean  static  pressure  to  the  static  pressure  (assumed  constant  in  the  non-uniform  flow)  for  two  methods  of  averaging. 

Extensive  comparative  numerical  tabulation  is  given  for  a  wide  variety  of  duct  velocity  profiles  using  1/n  power 
laws  ( 1  <  n  <  9)  boundary  layer  thicknesses  (0  <  5/R0  <  1)  and  main  stream  Mach  numbers  (0.2  <  M0  <  4.0)  and 
covering  both  axisymmetric  and  channel  flows. 


4.1.2  The  assumed  power  law  velocity  profiles  are  shown  in  Figure  4. 1 . 1 .  Power  Law  indices  chosen  are  1  (linear 
velocity  profiles),  3,  j,  ^  (moderate  to  high  Re  turbulent  flow)  and  5.  The  boundary  layer  thickness  5/R0  isvaried 
incrementally  by  0. 1.  Further  assumptions  include  constant  static  pressure,  constant  total  temperature,  constant 
specific  heats  (7  =  1.4)  which  give  a  rational,  simple  model  corresponding  to  Prandtl  number  equal  to  unity.  The 
assumption  of  constant  total  temperature  is  of  fundamental  importance  thermodynamically  (see  later).  The  constant 
static  pressure  corresponds  to  parallel  flow  and  the  absence  of  any  turbulence  which  is  formally  excluded  from  the 
model.  Detailed  descriptions  of  the  various  averaging  methods  are  to  be  found  elsewhere  in  this  volume  (Chapters  2 
and  3)  but  some  repetition  in  summary  is  worthwhile  here.  The  five  different  definitions  of  Mean  Total  Pressure,  which 
may  be  computed  directly  from  the  assumed  flows  are  as  follows: 


Mass  Weighting 
fAPt  x  dm 


Pt  = 


m 


may  be  found  in  isolation  in  relation  to  losses  (APt/Ptj)  and,  when  associated 
with  other  mean  variables,  care  is  needed  to  distinguish  whether  these  variables 
imply  a  mass  derived  assumption  via  rhy/Tj7APt  for  example  or  are  obtained 
more  simply  via  Pt/Ps  >  ambiguity  is  common. 


Area  Weighting 
fA  Pt  x  dA 

Pt  =  -  Similar  comments  apply  as  above. 

A 


Mass  Derivation 

m\/Tt  Pt 

-  — >  — > 

APS  Ps 


Here  a  self  consistent  set  of  mean  variables  is  implied  via  M  ,  Tt/Ts  , 
v/y/T^  etc. 


Mixing  at  Constant  Momentum,  and  in  a  Constant  Area  Duct  (Dzung) 


. 

m - 

APP 


M  (l  +  - - -M2 


P  =  W1  +7M2)dA 
s  ( 1  +  7  M2  )A 

together  imply  an  M 


1/1 

Again  a  self  consistent  set  of  mean  variables  is  implied  as  above.  Here  a  total 
pressure  mixing  loss  occurs  together  with  a  change  in  static  pressure,  usually  a 
recovery.  There  are  difficulties  in  interpretation  for  transonic  flows  dependent 
upon  the  assumption  or  otherwise  of  the  occurrence  of  a  normal  shock  wave 
with  the  mixing  process  and  a  contravention  of  the  Second  Law  for  supersonic 
solutions.  See  later  discussion  of  results. 


Constant  Entropy  Flux  (Livesey) ,  also  called  Entropy  Weighting 

mln.Pt  =  /AlnPtxdrh  Again  a  self  consistent  set  of  mean  variables  is  implied. 

When  constant  Tt  is  assumed  then  no  loss  of  total  pressure  is  implied  in  this 

Pf 

The  mean  static  pressure  is  not  equal  to  the  assumed  constant  static  pressure, 
although  the  difference  can  be  ignored  for  M0  <  2  .  Momentum  flux  is  not 
conserved. 

The  above  five  mean  total  pressures  have  been  computed  for  the  assumed  velocity  profiles  and  in  the  tabular  presentation 
have  been  normalised  by  division  by  the  Constant  Entropy  Flux  total  pressure. 
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In  order  to  be  able  to  specify  the  independent  flux  contributions  in  the  energy  and  momentum  equations  it  is 
necessary  to  define  energy  and  momentum  flux  coefficients  e3  and  e2  . 

e3  x  rhv2  =  ^v2dm  £j  x  mv  =  I^wdm 

Note  that  the  Dzung  method  does  not  imply  these  two  coefficients  neither  is  it  able  to  separately  identify  the 
independent  flux  contributions  to  the  energy  and  momentum  equations  in  the  original  non-uniform  flow. 

The  energy  and  momentum  flux  coefficients  are  tabulated  in  the  numerical  results. 

The  integrations  were  performed  using  standard  routines  (NAGLIB,  Mark  5,  DOIGAF,  Method  of  Gill  and  Miller) 
and  150  points  within  the  boundary  layer  thickness.  Comparable  accuracy  in  a  real  data  situation  would  only  be 
obtainable  by  careful  curve  fitting  of  the  sparse  data  (see  later  comments).  Where  six  decimal  places  are  quoted  the 
fifth  and  sixth  figures  changed  between  100  and  150  point  representation  of  the  profiles. 

Integration  at  400  point  representation  indicated  that  the  fourth  decimal  place  was  accurate  (at  150  point  represen¬ 
tation).  For  purposes  of  condensation  of  the  presentation  in  the  tables  some  magnitudes  have  been  rounded  to  the  third 
place  of  decimals  and  where  six  places  are  quoted  these  are  the  raw  (150  point)  figures  for  which  the  fourth  place  is 
accurate.  These  limiting  accuracies  are  governed  by  the  calculation  of  momentum  mixed  mean  values  (Dzung)  where  the 
equation  solution  procedures  for  mean  Mach  Number  is  demanding  numerically.  All  data  other  than  momentum  mixed 
mean  (Dzung)  presented  in  the  table  are  generally  at  slightly  higher  accuracy. 

4.1.3  The  eight  pages  of  tabulation  present  numerically  the  results  of  the  computations  of  the  quantities  described  for 
the  various  velocity  profiles.  The  first  four  pages  are  for  the  case  of  axisymmetrical  flow,  the  last  four  pages  are  for  two- 
dimensional  flow.  Each  page  carries  the  column  headings  once  and  covers  two  values  of  maximum  Mach  Number  M0  , 
one  in  the  upper  half  page,  the  other  in  the  lower  half  page.  Within  each  half  page  are  recognizable  five  blocks  correspond¬ 
ing  to  the  power  law  of  the  velocity  profile,  i.e.  1 ,  j ,  j ,  7 , 9 .  Within  each  of  the  power  law  blocks  are  ten  rows  correspond¬ 
ing  to  the  boundary  layer  thickness  6/R0  increments  0.1, 0.2,  0.3,  0.4,  0.5, 0.6,  0.7,  0.8,  0.9,  1 .0.  (  R0  is  the  outer 
diameter  in  axisymmetry  and  the  duct  half-width  two-dimensionally). 

The  column  headings  are  almost  self  explanatory.  The  first  four  columns  are  Mean  Total  Pressure  values  by 
different  averaging  methods,  Mass  Weighted,  Area  Weighted,  Mass  Derived  and  Momentum  Mixed  (Dzung)  all  normalised 
by  division  by  the  Entropy  Flux  Mean  Total  Pressure  (Livesey).  This  normalisation  gives  the  convenient  indication  of 
contravention  of  the  Second  Law  of  Thermodynamics  in  the  Mean  Total  Pressure  when  the  normalised  value  exceeds 
unity.  (Note  particularly  here  that  this  is  always  the  case  for  Mass  Weighting  unless  the  Mach  Number  is  zero  i.e.  incom¬ 
pressible  flow).  The  mean  velocity  implied  in  the  definitions  of  the  energy  flux  and  momentum  flux  coefficient  in 
columns  5  and  6  and  in  the  velocity  ratio  in  column  10  is  the  Entropy  Flux  mean  velocity  (Livesey). 

An  asterisk  (*)  against  a  figure  (see  Tables  for  M0  >  2  )  indicates  that  a  subsonic  result  for  Mixed  Mean  Mach 
Number  (Dzung)  is  given  together  with  the  associated  Mean  Total  Pressure  and  static  pressure  ratios  but  also  that  there 
does  exist  a  Supersonic  Mixed  Mean  Mach  Number  (Dzung)  which  does  not  contravene  the  Second  Law  of  Thermo¬ 
dynamics.  If  of  interest  the  Supersonic  state  values  may  be  obtained  by  use  of  normal  shock  tables  for  the  normal 
shock  upstream  Supersonic  Mixed  Mean  Mach  Number  and  the  ratios  of  total  pressure  and  static  pressure  across  the 
shock  with  reference  to  the  downstream  Subsonic  Mixed  Mean  Mach  Number  given  in  the  table.  Note  that  great  care  is 
needed  in  interpretation  here.  From  the  table  (M0  >  2)  it  will  be  seen  that  there  exist  conditions  (without  asterisk  *  ) 
for  which  the  Mixed  Mean  Mach  Number  must  be  subsonic.  For  these  cases  the  state  corresponding  to  the  Supersonic 
Mixed  Mean  Mach  Number  will  contravene  the  Second  Law  of  Thermodynamics  and  is  clearly  inadmissible.  The  inter¬ 
pretation  of  the  Supersonic  Mixed  Mean  Mach  Numbers  which  do  not  contravene  the  Second  Law  is  difficult;  it  is 
unlikely  that  these  states  are  realizable  except  under  unusual  circumstances,  if  at  all. 

As  the  solution  procedures  are  carried  out  for  the  Mixed  Mean  Mach  Number  (Dzung)  for  progressively  increasing 
M0  >  1.0  it  appears  initially  that  subsonic  Mixed  Mean  Mach  Numbers  occur  naturally  for  all  supersonic  M0  .  It  is 
also  evident  that  one  precise  numerical  interpretation  of  the  achievement  of  this  state  is  initial  mixing  to  a  Supersonic 
Mixed  Mean  Mach  Number  followed  by  the  occurrence  of  a  normal  shock  wave.  However  when  entropy  changes  are 
investigated  it  is  found  that  some  of  the  Supersonic  Mixed  Mean  Mach  Number  states  contravene  the  Second  Law 
indicating  that  the  process  of  mixing  and  the  occurrence  of  a  normal  shock  can  not  be  separated  and  the  subsonic 
solution  alone  is  tenable.  The  general  progression  to  Subsonic  Mixed  Mean  Mach  Numbers  is  thus  probably  the 
preferred  interpretation  and  is  therefore  the  one  quoted  in  the  tables.  The  asterisk  (*)  distinguishes  clearly  where  a 
supersonic  result  is  available  which  does  not  contravene  the  Second  Law  and  this  supersonic  state  is  readily  calculated 
using  normal  shock  tables.  One  objectionable  feature  of  the  Supersonic  Mixed  Mean  Mach  Numbers  is  that  they  can  be 
greater  (!)  than  the  maximum  Mach  Number  M0  although  eventually  (for  higher  M0  )  they  are  rationally  less  than 
M0  .  For  a  given  profile  there  exists  an  M0  for  which  Mmjxe£j  =  M0  for  all  5/R0  (in  two  dimensions)  and  this 
magnitude  is  closely  M0  =2.1  for  a  linear  profile.  The  same  situation  applies  approximately  for  axisymmetrical  flow. 

4.1.4  In  use  the  point  of  entry  to  the  table  could  be  determined  from  say  M0  ,  velocity  ratio  or  power  law  index,  and 
5/R0  (or  some  similar  combination  of  variables  relating  to  Mach  Number  level,  profile  shape  and  boundary  layer  thick¬ 
ness;  many  combinations  are  possible).  An  appropriate  comparative  profile  and  state  is  readily  located  for  comparison 
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of  the  effect  of  different  averaging  methods  for  most  arbitrary  measured  profiles  which  are  likely  to  appear.  The  table 
then  indicates  clearly  in  the  first  four  columns  the  significance  of  the  variation  of  the  Mean  Total  Pressure  for  the  five 
principal  methods  of  averaging  together  with  the  most  useful  other  significant  parameters  which  might  be  used  in 
comparisons.  It  is  therefore  possible  to  estimate  quickly,  and  with  some  accuracy,  the  differences  implied  by  the 
different  averaging  methods  from,  for  example,  a  rapidly  determined  first  calculation  by  a  simple  method  like  Mass 
Derivation  which  might  involve  no  traversing  or  integration  if  the  mass  flow  is  known. 

Initial  familiarisation  with  the  table  is  probably  best  achieved  by  identification  of  already  familiar  velocity  profiles 
and  their  averages.  For  example  the  linear  profile  (n  =  1)  which  fills  duct  (5/R0  =  1 .0)  at  low  Mach  Number  M0  =0.2 
and  which  is  therefore  an  effectively  incompressible  flow. 

By  inspection  the  following  familiar  results  appear  for  this  profile: 


Mtm. 

Energy 

Vel.  Ratio 

Flux 

Flux 

Max. /Mean 

Coeff. 

Coeff. 

1.501 

2.704 

3.00 

for  axial  symmetry 

1.341 

2.023 

2.02 

for  two-dimensions 

which  are  the  accepted  incompressible  flow  values  modified  very  slightly  by  the  effect  of  the  slight  compressibility 
implied  by  M0  =  0.2  .  If  the  power  law  index  is  changed  to  n  =  1/7  the  results  are  again  familiar: 

1.023  1.063  1.226  for  axial  symmetry 

1.022  1.058  1.150  for  two-dimensions 

Emphasis  will  be  mostly  concentrated  on  the  first  four  columns,  their  magnitudes  (i.e.  relationship  to  the  Entropy 
Flux  Mean  Total  Pressure)  and  their  differences.  Note  that  the  first  column  always  exceeds  unity  in  confirmation  of  the 
known  fact  that  this  Mean  always  contravenes  the  Second  Law  of  Thermodynamics  (for  non-zero  Mach  Numbers).  The 
discrepancy  is  small  for  Mach  Numbers  less  than  unity  but  above  this  the  error  increases  dramatically  and  can  imply  a 
factor  of  3.6  (!)  for  n  =  1  when  M0  =  4.0  .  The  Area  Weighted  Mean  Total  Pressure  in  column  2  also  exceeds  unity 
but  to  a  much  less  extent  at  M0  =  3  and  4  . 

Generally  increasing  M0  increases  the  differences  in  Mean  Total  pressure  magnitudes  for  the  five  different  averag¬ 
ing  methods.  The  following  table  summarizes  the  percentage  differences  from  the  Entropy  Flux  Mean  Total  Pressure. 


M0 

Mass 

Area 

Mass 

Mtm. 

Weighted 

Weighted 

Derived 

Mixed 

0.2 

0% 

-  1.0% 

-  1.0% 

-  0.6% 

1.0 

+  2.5% 

-12.5% 

-19.0% 

—  9.0%  Axial  Symmetry 

4.0 

+260.0% 

-22.5% 

-82.7% 

-87.3%  (44.9%) 

0.2 

+0% 

-  0.9% 

-  0.9% 

-  0.7% 

1.0 

+  2.2% 

-  9.7% 

-17.5% 

—  7.7%  Two-dimensional 

4.0 

+  151.0% 

-17.6% 

-76.9% 

-86.9%  (43.8%) 

These  percentage  differences  are  for  the  worst  profiles,  n  =  1  and  the  magnitude  of  5/R0  which  maximises  the 
differences.  Notice  that  the  maximum  differences  occur  generally  for  magnitudes  of  5/R0  intermediate  between  0 
and  1 .0  (and  not  as  might  be  expected  for  5/R0  =  1.0).  The  figures  in  parentheses  correspond  to  the  interpretation 
(not  given  in  the  main  tables)  of  the  mixed  flow  which  remains  supersonic  in  average  Mach  Number.  The  differences 
are  clearly  magnified  for  axisymmetrical  flow  because  a  larger  proportion  of  the  flow  is  in  a  lower  total  pressure  state  in 
this  case.  Clearly  as  the  velocity  profile  improves  through  11=3,5, 7>?  the  differences  are  progressively  reduced.  The 
differences  are  thus  seen  to  be  most  strongly  affected  by  non-uniformity  (profile  index  n  )  and  the  level  of  the  Mach 
Number  with  a  very  significant  influence  (within  the  profile  shape  effect)  of  the  location  of  5/R0  . 

The  dynamic  influence  on  Total  Pressure  of  the  Mach  Number  level  and  hence  the  differences  implied  in  averaging 
need  emphasis.  Nor  should  the  indications  of  difference  of  1%  or  2%  be  made  to  appear  trivial.  A  simple  example  will 
help  here.  Consider  the  case  of  subsonic  diffuser  of  reasonably  good  recovery  within  which  traverses  are  carried  out  at 
say  a  low  area  ratio  of  1 .5  and  at  some  larger  area  ratio  say  3.0  or  4.0.  At  the  area  ratio  of  1 .5  there  will  be  significant 
distortion  of  the  velocity  profile  combined  with  a  high  dynamic  effect  on  the  mean  total  pressure  because  of  the  still 
reasonably  high  mean  velocity  or  Mach  Number.  At  the  higher  area  ratio  although  the  velocity  profile  may  be  similarly 
(or  often  less)  distorted  the  dynamic  effect  on  mean  total  pressure  will  be  almost  negligible  because  of  the  large  reduc¬ 
tion  in  mean  velocity  or  mean  Mach  Number.  Given  this  situation  the  use  of  any  of  the  last  three  averaging  methods 
tabulated  (Area  Weighting,  Mass  Derivation  or  Momentum  Mixing)  will  usually  lead  to  a  negative  (!)  loss  coefficient, 
i.e.  a  rise  in  mean  total  pressure  (averaged)  between  the  two  area  ratio  locations.  This  discrepancy  arises  because  the 
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averages  at  the  lower  area  ratio  are  significantly  underestimated  and  those  at  the  higher  area  ratio  are  much  more  precise 
although  still  underestimated.  The  author  has  demonstrated  this  effect  on  all  the  diffuser  results  in  the  literature  which 
enable  the  comparison  to  be  made.  The  effect  is  easily  demonstrated  at  both  low  and  high  Mach  Numbers.  Mass 
Weighting  does  not  give  the  effect  because  of  the  overestimation  of  mean  total  pressure  at  the  lower  area  ratio. 

In  general  the  averaging  method  chosen  will  have  significant  effects  on  performance  parameters;  the  possible 
influences  should  be  investigated  and  this  is  facilitated  by  the  tabulations  presented.  The  two  most  soundly  based 
averaging  methods  are  Momentum  Mixing  (Dzung)  and  Constant  Entropy  Flux  (Livesey),  both  have  disadvantages. 

With  the  Dzung  method  an  inevitable  loss  in  total  pressure  is  implied  and  this  is  well  known  to  cause  difficulties  where 
turbo-machines  are  purpose  designed  to  accept  non-uniform  distributions  at  entry.  Here  the  Dzung  method  inevitably 
and  unfairly  debits  the  machine  with  a  total  pressure  loss  which  does  not  occur.  Additionally  the  difficulties  of  inter¬ 
pretation  of  the  Dzung  method,  where  mean  Mach  Numbers  might  be  expected  to  be  supersonic  (see  earlier  discussion) 
and  where  the  difficulties  just  mentioned  are  also  amplified  significantly  mean  that  great  care  must  be  emphasized  in 
interpretation  of  its  use.  With  the  Livesey  method  as  presented  it  is  only  rigorous  in  its  representation  of  mean  total 
pressure  for  the  assumption  of  uniform  Total  Temperature. 

It  would  be  wrong  to  leave  this  discussion  at  this  point  without  mention  of  the  two  primary  practical  difficulties 
of  averaging  techniques.  These  are  firstly  the  number  of  points  of  measurement  within  the  profile  and  secondly  the 
occurrence  of  separation.  Rarely  are  sufficient  points  of  measurement  made  available  to  allow  precision  to  be  achieved 
in  averaging  and  the  best  that  can  be  expected  is  consistency  in  the  averaged  values  coupled  with  the  acceptance  of  a 
significant  departure  from  precision.  These  remarks  apply  particularly  to  measurement  situations  which  do  not  cover 
adequately  the  boundary  layer  regions  where  the  velocities  tend  to  zero  at  the  wall.  The  difficulties  are  magnified  in 
the  more  practical  axisymmetric  situation  where  the  bulk  of  the  flow  may  be  in  the  outer  layers  because  of  the  greater 
area  involved  (27T  r.dr).  The  useful  comparisons  achieved  in  the  computation  of  the  tables  involved  150  points  in  the 
boundary  layer  alone  (!).  Clearly  therefore  careful  curve  fitting  is  advised  in  situations  of  sparse  data  coupled  with  some 
representation  of  the  approach  of  the  velocity  profile  to  zero  wall  velocity  if  more  than  mere  consistency  is  required. 
Separation  presents  even  greater  difficulties  but  they  are  not  insuperable.  Successive  integrations  of  the  profile,  for  mass 
flow  estimation,  approaching  nearer  to  the  reversed  flow  each  time  will  enable  a  point  to  be  identified  of  positive  (main 
flow  direction)  local  velocity  at  which  the  integrated  flow  is  equal  to  the  known  mass  flow  (say  from  a  meter  or  a 
known  machine  condition).  The  point  so  identified  separates  the  mainflow  from  the  recirculating  flow.  The  above 
discussion  has  been  presented  in  two-dimensional  terms  for  clarity,  three-dimensionally  the  process  is  identical  but 
involves  contours  of  velocity  rather  than  points  on  the  velocity  profile. 
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Description  of  the  Twelve  Column  Tables 

Mass  Weighted  Pt/Entropy  Flux  Pt 
Area  Weighted  Pt/Entropy  Flux  Pt 
Mass  Derived  Pt/Entropy  Flux  Pt 
Constant  Momentum  (Dzung)  Pt/Entropy  Flux  Pt 
Momentum  Flux  Coefficient  e2 
Energy  Flux  Coefficient  e3 
Mass  Derived  M 

Constant  Momentum  (Dzung)  M 

Entropy  Flux  M 

Velocity  Ratio  Maximum/Mean 

Entropy  Flux  Ps/Defined,  Constant  Ps 

Constant  Momentum  (Dzung)  Ps/Defined,  Constant  Ps 


First  four  pages  are  for  axisymmetrical  flow.  Last  four  pages  are  for  two-dimensional  flow. 

Each  page  has  the  column  headings  once  and  covers  two  values  of  the  Maximum  Mach  Number  M0  ,  one  in  the 
upper  half  page,  the  other  in  the  lower  half  page. 

The  five  blocks  in  each  half  page  correspond  to  the  power  law  of  the  velocity  profile,  i.e.  1 , 3 ,  j ,  k ,  5  • 

Within  each  power  law  block  are  ten  rows  corresponding  to  boundary  layer  thickness  6/R0  of  0.1,  0.2,  0.3, 
0.4,  0.5,  0.6,  0.7,  0.8,  0.9,  1.0. 

The  mean  velocity  implied  in  the  definitions  of  e2  ,  e3  (columns  5  and  6)  and  in  the  velocity  ratio  (column  10) 
is  the  Entropy  Flux  mean  velocity  (Livesey). 
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TABLE  4.1.1 


Maas 

Area 

Maas 

Mta. 

Mta. 

Energy 

Mach 

Mach 

Mach 

Velocity 

Static  p 

We  Ighted 

Weighted 

Derived 

Mixed 

Flux 

Flux 

Nuaber 

Number 

Nuaber 

Ratio 

Ratio 

Coeff 

Coeff 

Maee 

Mta. 

Entropy 

Max/ 

Entropy/ 

Derived 

Mixed 

Flux 

Mean 

Wall 

1.000013 

0.997010 

0.996334 

0.998517 

1.069 

1.164 

0.181 

0. 180 

0.195 

1.108 

1.000004 

1.000024 

0.994630 

0.993619 

0.997111 

1.141 

1.351 

0.162 

0.162 

0.189 

1.232 

1.000007 

1.000034 

0.992870 

0.991784 

0.995898 

1.214 

1.562 

0. 146 

0.145 

0.182 

1.374 

1.0000 10 

1.000042 

0.991735 

0.990733 

0.994982 

1.286 

1.792 

0.130 

0.130 

0.174 

1.536 

1.000012 

1.0U0O47 

0.991222 

0.990389 

0.994419 

1.352 

2.032 

0.116 

0.116 

0.165 

1.722 

1.000014 

1 .000049 

0.991311 

0.990623 

0.994281 

1.411 

2.265 

0.104 

0.103 

0.156 

1.932 

1.000014 

1.000046 

0.991962 

0.991351 

0.994592 

1.457 

2.470 

0.092 

0.092 

0.145 

2.168 

1.000013 

1.000039 

0.993097 

0.992401 

0.995337 

1.487 

2.618 

0.082 

0. 082 

0.133 

2.429 

1.000011 

i.oooojo 

0.994594 

0.993615 

0.996448 

1.500 

2.691 

0.074 

0.074 

0.121 

2.709 

1.000008 

1.000021 

0.996274 

0.994751 

0.997794 

1.501 

2.704 

0.067 

0.066 

0.109 

3.000 

1.000006 

1 . 000009 

0.998357 

0.998743 

0.998814 

1.020 

1.051 

0.190 

0.190 

0.195 

1.052 

1 . 000003 

1 .000016 

0.997075 

0.997784 

0.997864 

1.038 

1.099 

0.181 

0.181 

0.  189 

1.106 

1.000005 

1.000022 

0.996144 

0.997095 

0.997161 

1.054 

1.142 

0.172 

0.172 

0.184 

1.162 

1.000006 

1 .000025 

0.995553 

0.996672 

0.996710 

1.067 

1.180 

0. 164 

0.164 

0.  178 

1.219 

1.000007 

1.000027 

0.995287 

0.996444 

0.996513 

1.077 

1.210 

0.157 

0.157 

0.172 

1.277 

1.000008 

1.000028 

0.995326 

0.996388 

0.996550 

1.084 

1.233 

0.150 

0.150 

0.166 

1.335 

1.000008 

1.000027 

0.995650 

0.996465 

0.996853 

1.088 

1.249 

0.143 

0.143 

0.160 

1.393 

1.000008 

1.000025 

0.996234 

0.996637 

0.997375 

1.090 

1.256 

0.138 

0.138 

0.154 

1.450 

1.000007 

1.000022 

0.997051 

0.996853 

0.998121 

1.091 

1.258 

0.133 

0.133 

0.149 

1.505 

1.000006 

1.000019 

0.998072 

0.997069 

0.999074 

1.090 

1.257 

0.128 

0.  128 

0.  144 

1.556 

1.000005 

1.000006 

0.998716 

0.999337 

0.998927 

1.010 

1.026 

0.193 

0.193 

0.196 

1.035 

1.000002 

1.000010 

0.997715 

0.998840 

0.998101 

1.019 

1.049 

0.187 

0.187 

0.191 

1.069 

1.000003 

1.000014 

0.996991 

0.998470 

0.997499 

1.026 

1.068 

0.181 

0.181 

0.187 

1.104 

1.000004 

1.000016 

0.996535 

0.998218 

0.997122 

1.031 

1.084 

0.176 

0.176 

0.183 

1.138 

1.000005 

1.000018 

0.996338 

0.998075 

0.996967 

1.035 

1.096 

0. 171 

0.171 

0.178 

1. 172 

1.000005 

1.000018 

0.996391 

0.998031 

0.997034 

1.038 

1.104 

0.166 

0.166 

0.174 

1.205 

1.000005 

1.000018 

0.996681 

0.998034 

0.997338 

1.039 

1.109 

0.162 

0.162 

0.170 

1.237 

1.000005 

1.000017 

0.997198 

0.998101 

0.997834 

1.040 

1.111 

0.158 

0.158 

0.166 

1.267 

1.000005 

1.000016 

0.997931 

0.998186 

0.998556 

1.040 

1.111 

0.154 

0.154 

0.163 

1.295 

1.000004 

1.000014 

0.998867 

0.998286 

0.999459 

1.0  39 

1.109 

0.151 

0.151 

0.159 

1.321 

1.000004 

1.000004 

0.998863 

0.999599 

0.998980 

1.006 

1.016 

0.195 

0.195 

0.196 

1.026 

1.000001 

1.000007 

0.997978 

0.999269 

0.998197 

1.012 

1.030 

0.190 

0.190 

0.193 

1.052 

1.000002 

1.000010 

0.997338 

0.999029 

0.997652 

1.016 

1.042 

0.186 

0.186 

0.189 

1.077 

1.000003 

1.000011 

0.996939 

0.998848 

0.997296 

1.019 

1.051 

0.181 

0*182 

0.186 

1.102 

1.000003 

1.000012 

0.996774 

0.998772 

0.997151 

1.021 

1.057 

0.178 

0.178 

0.183 

1.125 

1.000003 

1.000013 

0.996837 

0.990723 

0.997239 

1.023 

1.061 

0.174 

0.174 

0.179 

1.148 

1.000004 

1.000012 

0.997122 

0.998723 

0.997535 

1.024 

1.064 

0.171 

0.171 

0.176 

1.170 

1.000004 

1.000012 

0.997623 

0.990744 

0.998035 

1.024 

1.065 

0.168 

0*168 

0.173 

1.190 

1.000003 

1.000011 

0.998332 

0.998787 

0.998736 

1.023 

1.064 

0.165 

0.165 

0.170 

1.209 

1.000003 

1.000011 

0.999243 

0.998849 

0.999636 

1.023 

1.063 

0.163 

0*163 

0.168 

1.226 

1.000003 

1.000003 

0.998938 

0.999705 

0.999012 

1.004 

1.012 

0.196 

0.196 

0.197 

1.021 

1.000001 

1.000005 

0.998111 

0.999473 

0.998267 

1.008 

1.021 

0.192 

0.192 

0.194 

1.041 

1.000002 

1.000007 

0.997514 

0.999301 

0.997715 

1.011 

1.029 

0.188 

0.189 

0.191 

1.061 

1.000002 

1.000008 

0.997144 

0.999186 

0.997300 

1.013 

1.035 

0.185 

0.185 

0.188 

1.081 

1.000002 

1.000009 

0.996996 

0.999099 

0.997260 

1.015 

1.040 

0.182 

0.182 

0.185 

1.099 

1.000003 

1.000009 

0.997066 

0.999063 

0.997354 

1.016 

1.042 

0.179 

0.179 

0.183 

1.116 

1.000003 

1.000009 

0.997351 

0.999076 

0.997638 

1.017 

1.044 

0.177 

0.177 

0.180 

1.133 

1.000003 

1.000009 

0.997845 

0.999088 

0.998133 

1.017 

1.044 

0.174 

0.174 

0.178 

1.148 

1.000003 

1.000009 

0.998545 

0.999123 

0.998836 

1.016 

1.043 

0.172 

0.172 

0.176 

1.162 

1.000002 

1.000008 

0.999446 

0.999179 

0.999745 

1.016 

1.042 

0.170 

0.170 

0.174 

1.175 

1.000002 

.000190 

0.991153 

0.985817 

0.996722 

1.070 

1.165 

0.361 

0.357 

0.389 

1.108 

1.000056 

,000368 

0.984023 

0.975361 

0.993177 

1.143 

1.354 

0.325 

0.319 

0.377 

1.232 

1.000108 

,000526 

0.978657 

0.968229 

0.989784 

1.216 

1.566 

0.292 

0.285 

0.363 

1.374 

1.000153 

,000652 

.0.97  5088 

0.964089 

0.986966 

1.289 

1.798 

0.261 

0.254 

0.348 

1.537 

1.000189 

,000733 

0.973319 

0.962650 

0.985034 

1.356 

2.041 

0.233 

0.227 

0.330 

1.722 

1.000212 

,000759 

0.973299 

0.963489 

0.984219 

1.416 

2.277 

0.207 

0.202 

0.310 

1.932 

1.000218 

.000720 

0.974888 

0.966210 

0.984627 

1.462 

2.484 

0.184 

0.180 

0.289 

2.169 

1.000205 

,000617 

0.977809 

0.970283 

0.986176 

1.491 

2.633 

0.164 

0.161 

0.265 

2.429 

1.000175 

.000469 

0.981594 

0.975007 

0.988582 

1.504 

2.705 

0.147 

0.145 

0.240 

2.710 

1.000133 

,000322 

0.985537 

0.979466 

0.991317 

1.505 

2.715 

0.132 

0.131 

0.217 

3.000 

1.000091 

,000137 

0.996270 

0.995061 

0.997960 

1.021 

1.052 

0.380 

0.379 

0.390 

1.052 

1.000040 

,000249 

0.993341 

0.991293 

0.996288 

1.039 

1.100 

0.361 

0.359 

0.379 

1.106 

1.000073 

,000336 

0.991183 

0.988674 

0.994947 

1.055 

1.144 

0.344 

0.342 

0.367 

1.162 

1.000098 

,000396 

0.989754 

0.986957 

0.994000 

1.068 

1.182 

0.328 

0.325 

0.356 

1.219 

1.000114 

,000428 

0.989001 

0.986051 

0.993500 

1.078 

1.213 

0.313 

0.310 

0.344 

1.277 

1.000123 

,000434 

0.988857 

0.985823 

0.993389 

1.086 

1.237 

0.299 

0.296 

0.331 

1.335 

1.000125 

,000418 

0.989243 

0.986115 

0.993663 

1.090 

1.252 

0.286 

0.284 

0.319 

1.393 

1.000120 

,000384 

0.990067 

0.986785 

0.994301 

1.092 

1.260 

0.275 

0.272 

0.308 

1.450 

1.000110 

.000342 

0.991224 

0.987631 

0.995210 

1.092 

1.262 

0.265 

0.262 

0.296 

1.505 

1.000098 

,000299 

0.992602 

0.988480 

0.996376 

1.092 

1.260 

0.256 

0.253 

0.286 

1.556 

1.000086 

,000090 

0.997634 

0.997391 

0.998463 

1.010 

1.026 

0.387 

0.386 

0.391 

1.035 

1.000026 

.000163 

0.995784 

0.995433 

0.997224 

1.019 

1.049 

0.374 

0.373 

0.383 

1.069 

1.000047 

,000217 

0.994424 

0.993975 

0.996275 

1.026 

1.069 

0.362 

0.361 

0.374 

1.104 

1.000063 

,000254 

0.993525 

0.993027 

0.995673 

1.032 

1.085 

0.351 

0.350 

0.365 

1.138 

1.000073 

.000275 

0.993052 

0.992457 

0.995367 

1.036 

1.097 

0.341 

0.339 

0.356 

1.172 

1.000079 

,000281 

0.992970 

0.992235 

0.995374 

1.039 

1.106 

0.331 

0.330 

0.348 

1.205 

1.000081 

,000276 

0.993237 

0.992288 

0.995636 

1.040 

1.111 

0.322 

0.321 

0.339 

1.237 

1.000079 

000262 

0.993810 

0.992509 

0.996163 

1.041 

1.113 

0.315 

0.313 

0.331 

1.267 

1.000075 

000244 

0.994644 

0.992841 

0.996926 

1.041 

1.112 

0.308 

0.306 

0.324 

1.295 

1.000070 

000225 

0.995694 

0.993193 

0.997929 

1.040 

1.111 

0.301 

0.300 

0.317 

1.321 

1.000064 

,000063 

0.998196 

0.998368 

0.998663 

1.006 

1.017 

0.390 

0.390 

0.393 

1.026 

1.000018 

,000113 

0.996787 

0.997067 

0.997629 

1.012 

1.031 

0.380 

0.380 

0.386 

1.052 

1.000033 

,000150 

0.995752 

0.996121; 

0.996891 

1.016 

1.042 

0.371 

0.371 

0.379 

1.077 

1.000043 

,000176 

0.995073 

0.99550# 

0.996401 

1.019 

1.051 

0.363 

0.362 

0.372 

1.102 

1 .000051 

,000190 

0.994727 

0.995111’ 

0.996150 

1.022 

1.058 

0.355 

0.354 

0.365 

1.125 

1.000055 

,000196 

0.994691 

0.994963 

0.996195 

1.023 

1.063 

0.348 

0.347 

0.358 

1.148 

1.000056 

,000195 

0.994940 

0.994959 

0.996453 

1.024 

1.065 

0.341 

0.340 

0.352 

1.170 

1.000056 

,000188 

0.995450 

0.995043 

0.996977 

1.024 

1.066 

0.335 

0.334 

0.346 

1.190 

1.000054 

.000178 

0.996196 

0.995255 

0.997717 

1.024 

1.065 

0.330 

0.329 

0.340 

1.209 

1.000051 

,000168 

0.997152 

0.995456 

0.998624 

1.023 

1.064 

0.325 

0.324 

0.335 

1.226 

1.000048 

,000046 

0.998482 

0.998836 

0.998806 

1.005 

1.012 

0.392 

0.392 

0.394 

1.021 

1.000013 

,000083 

0.997295 

0.997924 

0.997872 

1.008 

1.022 

0.384 

0.384 

0.388 

1.041 

1.000024 

,000110 

0.996426 

0.997245 

0.997192 

1.011 

1.030 

0.377 

0.377 

0.382 

1.061 

1.000032 

.000128 

0.995859 

0.996739 

0.996759 

1.014 

1.036 

0.370 

0.370 

0.376 

1.081 

1.000037 

,000139 

0.995580 

0.996493 

0.996564 

1.015 

1.040 

0.363 

0.363 

0.370 

1.099 

1.000040 

,000144 

0.995573 

0.996350 

0.996635 

1.016 

1.043 

0.358 

0.357 

0.365 

1.116 

1.000042 

,000144 

0.995821 

0.996306 

0.996891 

1.017 

1.045 

0.352 

0.352 

0. 360 

1.133 

1.000041 

,000141 

0.996309 

0.996400 

0.997393 

1.017 

1.045 

0.347 

0.347 

0.355 

1.148 

1.000040 

.000135 

0. 997020 

0.996537 

0.998131 

1.017 

1.044 

0.343 

0.342 

0.350 

1.162 

1.000039 

.000129 

0.997938 

0.996713 

0.999026 

1.016 

1.043 

0.339 

0.338 

0.346 

1.175 

1.000037 

Static  p 
Ratio 
Mixed/ 
Wall 
1.002299 
1.003639 
1.004263 
1.004390 
1.004154 
1.003748 
1.003315 
1.002984 
1.002870 
1.003070 

1.000078 

1.000083 

1.000059 

1.000046 

1.000083 

1.000166 

1.000410 

1.000769 

1.001310 

1.002057 

0.999556 
0.999228 
0.998985 
0.998847 
0. 998831 
0.998955 
0.999277 
0.999725 
1.000396 
1.001219 

0.999352 

0.998873 

0.998571 

0.998361 

0.998301 

0.998449 

0.998765 

0.999259 

0.999937 

1.000806 

0.999261 
0.998736 
0.998331 
0.998104 
0.  998060 
0.998206 
0. 998501 
0.998997 
0.999698 
1. 000609 


1.013335 

1.021280 

1.025149 

1.026123 

1.025100 

1.022842 

1.019985 

1.017009 

1.014353 

1.012403 

1.003587 

1.006087 

1.007566 

1.008340 

1.008709 

1.008727 

1.008597 

1.008505 

1.008489 

1.008779 

1.001340 

1.002245 

1.002787 

1.003199 

1.003461 

1.003713 

1.003931 

1.004248 

1.004710 

1.005434 

1.000384 

1.000687 

1.000947 

1.001117 

1.001236 

1.001504 

1.001789 

1.002281 

1.002927 

1.003675 

0.999993 

0.999975 

0.999972 

1.000010 

1.000112 

1.000386 

1.000685 

1.001195 

1.001932 

1.002751 
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TABLE  4.1.II 


Mass 

Area 

Mass 

Mtn. 

Mto. 

Energy 

Mach 

Mach 

Mach 

Velocity  Static  p 

Static  p 

We  Igh  ted 

We igh  ted 

Derived 

Mixed 

Flux 

Flux 

Number 

Number 

Number 

Ratio 

Ratio 

Ratio 

Coeff 

Coeff 

Mass 

Mtn. 

Entropy 

Max/ 

Entropy/ 

Mixed/ 

Derived 

Mixed 

Flux 

Mean 

Wall 

Wall 

1.000887 

0.982617 

0.969913 

0.993533 

1.071 

1.167 

0.543 

0.524 

0.584 

1.108 

1.000271 

1.038142 

1.0U173U 

0.968440 

0.947584 

0.986078 

1.145 

1.359 

0.489 

0.463 

0.565 

1.233 

1.000524 

1.057801 

1.0U2489 

0.957595 

0.932213 

0.978905 

1.220 

1.575 

0.438 

0.412 

0.544 

1.375 

1.000745 

1.066064 

1.003112 

0.950191 

0.923194 

0.972960 

1.294 

1.811 

0.392 

0.368 

0.521 

1.538 

1.000920 

1.067066 

1.0U3336 

0.946286 

0.919762 

0.968879 

1.363 

2.058 

0.349 

0.329 

0.494 

1.723 

1.001032 

1.063381 

1.0UJ694 

0.945838 

0.921282 

0.967108 

1.424 

2.299 

0.310 

0.294 

0.464 

1.934 

1.001064 

1.056917 

1.0UJ532 

0.948621 

0.926885 

0.967804 

1.470 

2.509 

0.275 

0.262 

0.431 

2.170 

1.001005 

1.049061 

1.0U3U43 

0.954113 

0.935543 

0.970825 

1.500 

2.659 

0.245 

0.235 

0.395 

2.431 

1.000857 

1.041026 

1.0U2313 

0.961346 

0.945699 

0.975498 

1.512 

2.730 

0.218 

0.211 

0.358 

2,711 

1.000648 

1.033672 

1.0U1579 

0.968783 

0.955381 

0.980647 

1.511 

2.735 

0.196 

0.191 

0.323 

3.002 

1.000443 

1.027891 

1.O0U647 

0.993218 

0.989346 

0.996505 

1.021 

1.053 

0.570 

0.564 

0.584 

1.052 

1.00019  5 

1.012065 

L. 001190 

0.987844 

0.981237 

0.993490 

1.040 

1.103 

0.542 

0.532 

0.567 

1.107 

1.000355 

1.019705 

1.001614 

0.983828 

0.975420 

0.991051 

1.057 

1. 148 

0.515 

0.504 

0.550 

1.162 

1.000478 

1.024042 

1.0U1910 

0.981100 

0.971668 

0.989286 

1.070 

1.187 

0.491 

0.479 

0.532 

1.220 

1.000561 

1.026091 

1.002076 

0.979562 

0.969647 

0.988218 

1.081 

1.219 

0.468 

0.456 

0.514 

1.278 

1.000605 

1.026526 

1.002114 

0.979089 

0.969112 

0.987874 

1.089 

1.243 

0.446 

0.436 

0.495 

1.336 

1.000612 

1.026006 

1. 002040 

0.979522 

0.969720 

0.988163 

1.093 

1.258 

0.427 

0.417 

0.477 

1.394 

1.000587 

1.024877 

1.001879 

0.980673 

0.971161 

0.988974 

1.095 

1.266 

0.410 

0.401 

0.459 

1.451 

1.000539 

1.023472 

1.001669 

0.982323 

0.973001 

0.990249 

1.095 

1.267 

0.394 

0.386 

0.442 

1.505 

1.000477 

1.022287 

1.001458 

0.984229 

0.974852 

0.991730 

1.094 

1.265 

0.380 

0.373 

0.426 

1.557 

1.000417 

1.021340 

1.000432 

0.996048 

0.994350 

0.997606 

1.011 

1.027 

0,580 

0.577 

0.587 

1.035 

1.000129 

1.005600 

1.000783 

0.992937 

0.990048 

0.995673 

1.020 

1.051 

0.560 

0.555 

0.573 

1.069 

1.000232 

1.009396 

1.001049 

0.990619 

0.986841 

0.994171 

1.027 

1.071 

0.542 

0.536 

0.560 

1.104 

1.000309 

1.011717 

1.001233 

0.989039 

0.984781 

0.993125 

1.033 

1.088 

0.525 

0.519 

0.546 

1.  139 

1.000361 

1.013004 

1.001338 

0.988134 

0.983517 

0.992566 

1.038 

1.100 

0.510 

0.503 

0.533 

1.172 

1.000390 

1.013687 

1.001373 

0.987830 

0.983048 

0.992423 

1.040 

1. 109 

0.495 

0.488 

0.520 

1.205 

1.000398 

1.013882 

1.001349 

0.988044 

0.983122 

0.992659 

1.042 

1.114 

0.482 

0.475 

0.507 

1.237 

1.000390 

1.013800 

1.001282 

0.988687 

0.983570 

0.993271 

1.043 

1.116 

0.470 

0.463 

0.495 

1.267 

1.000370 

1.013746 

1.001191 

0.969665 

0.984296 

0.994146 

1.042 

1. 116 

0.459 

0.453 

0.483 

1.296 

1.000343 

1.013716 

1.001097 

0.990880 

0.985094 

0.995241 

1.041 

1.114 

0.449 

0.443 

0.473 

1.322 

1.000316 

1.013897 

1.000304 

0.997216 

0.996377 

0.998136 

1.007 

1.017 

0.584 

0.583 

0.589 

1.026 

1.000090 

1.003058 

1.000547 

0.995028 

0.993591 

0.996649 

1.012 

1.032 

0.570 

0.567 

0.578 

1.052 

1.000161 

1.005169 

1.000730 

0.993401 

0.991578 

0.995518 

1.017 

1.044 

0.556 

0.552 

0.567 

1.077 

1.000214 

1.006511 

1.000856 

0.992295 

0.990152 

0.994799 

1.020 

1.053 

0.543 

0.539 

0.556 

1.102 

1.000250 

1.007476 

1.000931 

0.991669 

0.989274 

0.994409 

1.023 

1.060 

0.531 

0.527 

0.546 

1.126 

1.000271 

1.008024 

1.000961 

0.991474 

0.988909 

0.994339 

1.024 

1.065 

0.520 

0.516 

0.535 

1.148 

1.000279 

1.008329 

1.000954 

0.991661 

0.988895 

0.994578 

1.025 

1.067 

0.510 

0.506 

0.526 

1.170 

1.000276 

1.008558 

1.000922 

0.992179 

0.969144 

0.995118 

1.025 

1.068 

0.501 

0.496 

0.516 

1.191 

1.000266 

1.008871 

1.000874 

0.992974 

0.989573 

0.995914 

1.025 

1.067 

0.492 

0.488 

0.508 

1.209 

1.000252 

1.009323 

1.000823 

0.993994 

0.990044 

0.996887 

1.024 

1.066 

0.485 

0.480 

0.500 

1.226 

1.000237 

1.009861 

1.000224 

0.997810 

0.997440 

0.998420 

1.005 

1.012 

0.587 

0.586 

0.591 

1.021 

1.000066 

1.001780 

1.000402 

0.996089 

0.995434 

0.997164 

1.009 

1.022 

0.575 

0.574 

0.581 

1.042 

1.000118 

1.003006 

1.000535 

0.994811 

0.993940 

0.  996264 

1.012 

1.031 

0.  564 

0.  562 

0.572 

1.061 

1.000157 

1.003943 

1.000628 

0.993948 

0.992861 

0.995653 

1.014 

1.037 

0.554 

0.551 

0.563 

1.081 

1.000183 

1.004531 

1.000684 

0.993467 

0.992244 

0.995370 

1.016 

1.042 

0.544 

0.541 

0.554 

1.099 

1.000199 

1.005028 

1.000709 

0.993339 

0.991928 

0.995348 

1.017 

1.045 

0.535 

0.532 

0.546 

1.117 

1.000206 

1.005372 

1.000709 

0.993528 

0.991897 

0.995592 

1.018 

1.046 

0,527 

0.524 

0.538 

1.133 

1.000205 

1.005711 

1.000691 

0.994002 

0.992068 

0.996108 

1.018 

1.046 

0.519 

0.516 

0.530 

1.148 

1.000200 

1.006186 

1.000663 

0.994727 

0.992366 

0.996867 

1.017 

1.046 

0.513 

0.509 

0.524 

1.162 

1.000191 

1.006832 

1.000632 

0.995668 

0.992717 

0.997806 

1.017 

1.044 

0.507 

0.503 

0.517 

1.175 

1.000182 

1.007577 

1.002508 

0.972806 

0.950421 

0.988275 

1.073 

1.170 

0.725 

0.667 

0.778 

1.109 

1.000806 

1.094655 

1.0U4943 

0.950324 

0.913381 

0.974693 

1.149 

1.366 

0.653 

0.583 

0.753 

1.234 

1.001560 

1.128885 

1.007191 

0.932805 

0.887676 

0.962101 

1.226 

1.588 

0.586 

0.518 

0.725 

1.377 

1.002227 

1.138668 

1.009096 

0.920495 

0.872206 

0.951980 

1.303 

1.830 

0.523 

0.463 

0.693 

1.540 

1.002760 

1.135309 

1.010463 

0.913588 

0.865898 

0.945252 

1.374 

2.085 

0.465 

0.416 

0.656 

1.727 

1.003105 

1.124370 

1.011064 

0.912147 

0.867777 

0.942462 

1.436 

2.333 

0.413 

0.373 

0.616 

1.938 

1.003210 

1.109182 

1.010697 

0.915957 

0.876615 

0.943901 

1.484 

2.548 

0.365 

0.335 

0.571 

2.175 

1.003037 

1.092410 

1.009287 

0.924305 

0.89080y 

0.949239 

1.513 

2.699 

0.324 

0.301 

0.522 

2.435 

1.002589 

1.075906 

1.007063 

0.935678 

0.907880 

0.957349 

1.523 

2.766 

0.288 

0.272 

0.472 

2.715 

1.001950 

1.061177 

1.004774 

0.947474 

0.924342 

0.966054 

1.520 

2,764 

0.258 

0.246 

0.424 

3.004 

1.001322 

1.049543 

1.001873 

0.989711 

0.982067 

0.994281 

1.022 

1.055 

0.760 

0.737 

0.778 

1.053 

1.000587 

1.035149 

1.003471 

0.981461 

0.968283 

0.989156 

1.043 

1.107 

0.722 

0.689 

0.755 

1.107 

1.001071 

1.052291 

1.004747 

0.975201 

0.958391 

0.985018 

1.060 

1.154 

0.686 

0.650 

0.732 

1.164 

1.001443 

1.060172 

1.005663 

0.970848 

0.951922 

0.981999 

1.074 

1.195 

0.653 

0.617 

0.707 

1.221 

1.001696 

1.062441 

1.006197 

0.968275 

0.948380 

0.980203 

1.085 

1.228 

0.621 

0.587 

0.682 

1.279 

1.001831 

1.061448 

1.006347 

0.967305 

0.947380 

0.979541 

1.093 

1.252 

0.592 

0.562 

0.657 

1.338 

1.001853 

1.058389 

1.006148 

0.967706 

0.948351 

0.979888 

1.098 

1.268 

0.566 

0.538 

0.631 

1.396 

1.001777 

1.054224 

1.005670 

0.969183 

0.950704 

0.981114 

1.100 

1.276 

0.542 

0.518 

0.607 

1.452 

1.001628 

1.049882 

1.005029 

0.971382 

0.953832 

0.982928 

1.099 

1.276 

0.521 

0.499 

0.584 

1.507 

1.001439 

1.045823 

1.004379 

0.973899 

0.957122 

0.985008 

1.098 

1.274 

0.502 

0.483 

0.563 

1.558 

1.001252 

1.042481 

1.001269 

0.994223 

0.990439 

0,996337 

1.011 

1.029 

0.772 

0.760 

0.782 

1.035 

1.000391 

1.018182 

1.002311 

0.989632 

0.982933 

0.993280 

1.021 

1.054 

0.746 

0.727 

0.764 

1.070 

1.000705 

1.028289 

1.003117 

0.986167 

0.977574 

0.990895 

1.029 

1.075 

0.722 

0.700 

0.745 

1.105 

1.000940 

1.033555 

1.003683 

0.983753 

0.973857 

0.989251 

1.036 

1.092 

0.698 

0.676 

0.726 

1.140 

1.001099 

1.035962 

1.004015 

0.982297 

0.971738 

0.988276 

1.040 

1.105 

0.677 

0.655 

0.708 

1.173 

1.001187 

1.036366 

1.004134 

0.981689 

0.970850 

0.987948 

1.043 

1.114 

0.657 

0.636 

0.690 

1.206 

1.001212 

1.035633 

1.004070 

0.981806 

0.971010 

0.988188 

1.045 

1.119 

0.639 

0.619 

0.672 

1.238 

1.001186 

1.034277 

1.003869 

0.982504 

0.971820 

0.988893 

1.045 

1.121 

0.622 

0.604 

0.655 

1.268 

1.001123 

1.032688 

1.003590 

0.983633 

0.973060 

0.989969 

1.045 

1.121 

0.607 

0.590 

0.640 

1.297 

1.001039 

1.031246 

1.003300 

0.985029 

0.974454 

0.991 292 

1.044 

1.119 

0.594 

0.578 

0.626 

1.322 

1.000954 

1.030205 

1.000901 

0.996086 

0.993819 

0.997295 

1.007 

1.018 

0.779 

0.771 

0.785 

1.026 

1.000275 

1.010986 

1.001629 

0.992987 

0.989070 

0.995116 

1.013 

1.033 

0.759 

0.747 

0.770 

1.052 

1.000493 

1.017632 

1.002185 

0.990654 

0.935466 

0.993468 

1.018 

1.046 

0.740 

0.725 

0.755 

1.078 

1.000655 

1.021472 

1.002574 

0.989032 

0.983112 

0.992324 

1.022 

1.056 

0.722 

0.707 

0.740 

1.102 

1.000765 

1.023392 

1 .002808 

0.988055 

0.981584 

0.991690 

1.025 

1.063 

0.705 

0.690 

0.725 

1.126 

1.000829 

1.024182 

1.002904 

0.987653 

0.980913 

0.991497 

1.026 

1.068 

0.690 

0.675 

0.711 

1.149 

1.000852 

1.024170 

1.00  28  8  8 

0.987750 

0.980879 

0.991721 

1.027 

1.071 

0.676 

0.662 

0.697 

1.171 

1.000844 

1.023796 

1.002788 

0.988262 

0.981272 

0.992289 

1.027 

1.071 

0.664 

0.650 

0.684 

1.191 

1.000812 

1.023269 

1.002641 

0.989105 

0.981980 

0.993165 

1.027 

1.071 

0.652 

0.639 

0.673 

1.210 

1.000768 

1.022900 

1.002484 

0.990191 

0.982897 

0.994261 

1.026 

1.069 

0.642 

0.629 

0.662 

1.227 

1.000722 

1.022771 

1.000670 

0.997035 

0.995583 

0.997823 

1.005 

1.013 

0.783 

0.778 

0.787 

1.021 

1.000203 

1.007294 

1.001206 

0.994691 

0.992119 

0.996109 

1.010 

1.024 

0.766 

0.758 

0.774 

1.042 

1.000362 

1.012009 

1.001612 

0.992928 

0.989536 

0.994823 

1.013 

1.032 

0.751 

0.741 

0.761 

1.062 

1.000481 

1.014875 

1.001897 

0.991706 

0.987788 

0.993957 

1.016 

1.039 

0.736 

0.725 

0.749 

1.081 

1.000562 

1.016525 

1.002072 

0.990978 

0.986655 

0.993463 

1.017 

1.044 

0.723 

0.712 

0.737 

1.100 

1.000610 

1.017251 

1.002151 

0.990696 

0.986102 

0.993382 

1.018 

1.047 

0.711 

0.699 

0.725 

1.117 

1.000631 

1.017697 

1.002152 

0.990806 

0.986097 

0.993591 

1.019 

1.049 

0.699 

0.688 

0.714 

1.134 

1.000629 

1.017693 

1.002097 

0.991255 

0.986358 

0.994127 

1.019 

1.049 

0.689 

0.678 

0.704 

1.149 

1.000611 

1.017758 

1.002010 

0.991988 

0.986867 

0.994930 

1.019 

1.048 

0.680 

0.  669 

0.694 

1.163 

1.000585 

1.017949 

1.001914 

0.992952 

0.987442 

0.995940 

1.018 

1.047 

0.672 

0.661 

0.686 

1.175 

1.000557 

1.018314 
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TABLE  4.1. Ill 


Mass 

Area 

Mass 

Mtm. 

Mtm. 

Energy 

Mach 

Mach 

Mach 

Velocl ty 

Static  p 

Static  p 

We  ightcd 

We  ightcd 

De  rived 

Mixed 

flux 

Flux 

Number 

Number 

Number 

Ratio 

Ra  t  tu 

Rat  io 

Coeff 

Coeff 

Mass 

Mtm. 

Entropy 

Max/ 

Entropy/ 

Mixed/ 

Oe rived 

Mixed 

Flux 

Mean 

Wall 

Wal  1 

1.005353 

0.963042 

0.928962 

0.978571 

1.076 

1.175 

0.908 

0.752 

0.972 

1 . 1 10 

1.001823 

1.234586 

1.010673 

0.932U41 

0.875803 

0.956450 

1.155 

1.377 

0.819 

0.  6bl 

0.940 

1.236 

1.003545 

1.265576 

1 .015728 

0.907399 

0.838503 

0.937288 

1.235 

1.607 

0.735 

0. 592 

0.904 

1.381 

1.005080 

1.262182 

1.020179 

0.889547 

0.81 5442 

0.922535 

1.315 

1.859 

0.655 

0.534 

0.863 

1.546 

1.006321 

1.242719 

1.023560 

U. 878898 

0.805429 

0.913187 

1.389 

2.124 

0.582 

0.483 

0.817 

1.7  34 

1.007139 

1.215191 

1.025296 

0.875738 

0.807094 

0.909847 

1.453 

2.  382 

0.514 

0.437 

0.765 

1.946 

1.0U7405 

1.  18  3988 

1.024802 

0.880015 

0.819002 

0.912751 

1.502 

2.604 

0.454 

0.396 

0.708 

2.183 

1.007020 

1.152272 

1.021748 

0.890982 

0.839064 

0.9215U5 

1.530 

2.756 

0.401 

0.358 

0.646 

2.443 

1.005981 

1.122727 

1.016554. 

0.9U6662 

0.863956 

0.934338 

1.538 

2.815 

0.355 

0.325 

0.581 

2.722 

1.004483 

1.097064 

1.011O53 

0.923254 

0.6883Q8 

0.947856 

1.531 

2.803 

0.318 

0.295 

0.521 

3.0U9 

1.003006 

1.077130 

1.0U4106 

0.986253 

0.973586 

0.990496 

1.024 

1.058 

0.950 

0.854 

0.972 

1.053 

1.001347 

1. 129095 

1.007687 

0.975088 

0.953277 

0.982191 

1.046 

1.  113 

0.902 

0.798 

0.943 

1.109 

1.002466 

1.147861 

1.010620 

0.966474 

0.938524 

0.975666 

1.065 

1.  163 

0.856 

0.756 

0.912 

1.166 

1.003331 

1.149109 

1.012791 

0.960341 

0.928770 

0.971104 

1.080 

1.206 

0.813 

0.721 

0.881 

1.224 

1.003925 

1.142714 

1.014116 

0.956559 

0.923342 

0.968448 

1.092 

1.241 

0.773 

0.690 

0.848 

1.282 

1.004243 

1.132350 

1.014563 

0.954927 

0.921708 

0.967558 

1.  100 

1.  267 

0.736 

0.663 

0.815 

1.341 

1.004296 

l. 120130 

1.014174 

0.955156 

0.923044 

0.968269 

1.  104 

1.283 

0.702 

0.638 

0.783 

1.399 

1.004118 

1.107735 

1.013097 

0.956861 

0.926583 

0.970202 

1.  106 

1.289 

0.671 

0.616 

0.751 

1.456 

1.003764 

1.095925 

1.011596 

0.959556 

0.931298 

0.972917 

1.  105 

1.289 

0.644 

0.596 

0.721 

1.510 

1.003315 

1.085432 

1.010054 

0.962666 

0.936164 

0.975921 

1.103 

1.  285 

0.620 

0.578 

•  0.694 

1.  561 

1.002872 

1.076951 

1.002827 

0.992435 

0.985655 

0.994248 

1.013 

1.031 

0.965 

0.895 

0.977 

1.035 

1.000907 

1.089888 

1.005193 

0.986360 

0.974600 

0.989459 

1.023 

1.058 

0.931 

0.854 

0.953 

1.071 

1.001637 

1.103201 

1.007056 

0.981712 

0.966453 

0.985824 

1.032 

1.080 

0.900 

0.823 

0.929 

1.106 

1.002187 

1.104969 

1.008392 

0.978407 

0.960896 

0.983295 

1.039 

1.099 

0.870 

0.798 

0.905 

1.141 

1.002560 

1.101380 

1.009202 

0.976334 

0.957634 

0.981838 

1.044 

1.113 

0.842 

0.776 

0.881 

1.175 

1.002767 

1.095340 

1.009514 

0.975358 

0.956300 

0.  981346 

1.047 

1.122 

0.816 

0.7  56 

0.857 

1.208 

1.002825 

1.088236 

1.009391 

0.975318 

0.956458 

0.981651 

1.049 

1.127 

0.793 

0.739 

0.834 

1.240 

1.002761 

1.080812 

1.008933 

0.976024 

0.957701 

0.982606 

1.049 

1. 129 

0.771 

0.723 

0.812 

1.270 

1.002609 

1.073794 

1.008277 

0.977268 

0.959557 

0.984043 

1.048 

1.  128 

0.752 

0.708 

0.7  92 

1.298 

1.002409 

1.067761 

1.007587 

0.978822 

0.961673 

0.985724 

1.047 

1.  126 

0.735 

0.695 

0.774 

1.324 

1.002205 

1.062907 

1.002032 

0.994984 

0.990737 

0.995979 

1.008 

1.020 

0.973 

0.917 

0.980 

1.027 

1.000642 

1.069733 

1.003698 

0.990978 

0.983512 

0.992696 

1.015 

1.036 

0.947 

0.885 

0.961 

1.053 

1.001152 

1.080169 

1.004989 

0.987926 

0.978170 

0.990225 

1.020 

1.050 

0.  922 

0.861 

0.941 

1.079 

1.001533 

1.081801 

1.005908 

0.985761 

0.974489 

0.988543 

1.024 

1.061 

0.899 

0.841 

0.921 

1.103 

1.001792 

1.079647 

1.006471 

0.984403 

0.972266 

0.987564 

1.027 

1.068 

0.878 

0.823 

0.902 

1.128 

1.001942 

1.075461 

1.006713 

0.983762 

0.971209 

0.987250 

1.029 

1.073 

0.858 

0.808 

0.884 

1.150 

1.001996 

1.070631 

1.006686 

0.983737 

0.971140 

0.987475 

1.030 

1.076 

0.840 

0.794 

0.866 

1.172 

1.001974 

1.065541 

1.006457 

0.984217 

0.971797 

0.988183 

1.030 

1.076 

0.  824 

0.781 

0.850 

1.192 

1.001897 

1.060937 

1.006108 

0.985086 

0.972835 

0.989211 

1.029 

1.076 

0.809 

0.770 

0.834 

1.211 

1.001790 

1.056814 

1.005734 

0.986222 

0.974115 

0.990506 

1.028 

1.074 

0.796 

0.759 

0.820 

1.228 

1.001678 

1.053769 

1.001524 

0.996281 

0.993332 

0.996916 

1.006 

1.014 

0.978 

0.931 

0.983 

1.021 

1.000476 

1.057419 

1.002760 

0.993319 

0.988098 

0.994437 

1.011 

1.026 

0.956 

0.904 

0.966 

1.042 

1.000851 

1.066289 

1.003708 

0.991068 

0.984297 

0.992571 

1.014 

1.035 

0.937 

0.884 

0.950 

1.063 

1.001131 

1.067819 

1.004381 

0.989475 

0.981537 

0.991308 

1.017 

1.042 

0.918 

0.867 

0.933 

1.082 

1.001323 

1.066327 

1.004800 

0.988483 

0.979866 

0.990611 

1.019 

1.047 

0.900 

0.853 

0.918 

1.101 

1.001436 

1.063499 

1.004993 

0.988028 

0.979121 

0.990396 

1.020 

1.051 

0.884 

0.840 

0.902 

1.  118 

1.001483 

1.059918 

1.005002 

0.988040 

0.978949 

0.990619 

1.021 

1.052 

0.870 

0.828 

0.888 

1.135 

1.001477 

1.056289 

1.004875 

0.988448 

0.979311 

0.991211 

1.021 

1.052 

0.856 

0.818 

0.875 

1.150 

1.001434 

1.052939 

1.004666 

0.989176 

0.980074 

0.992  091 

1.020 

1.052 

0.844 

0.808 

0.862 

1.  164 

1.001370 

1.050066 

1.004438 

0.990149 

0.981108 

0.993207 

1.020 

1.050 

0.834 

0.799 

0.851 

1.176 

1.001302 

1.047984 

n 


1 


o 

04 


1.035477  0.935124 
1.075569  0.877760 
1.120153  0.828587 
1.168129  0.788517 
1.216423  0.758754 
1.258371  0.740828 
1.281834  0.736486 
1.269549  0.747142 
1.209481  0.772213 
1.126446  0.805399 

1.032061  0.978839 
1.064013  0.961037 
1.094472  0.946578 
1.121540  0.935381 
1.142835  0.927289 
1.155739  0.922054 
1.157992  0.919337 
1.148780  0.918727 
1.130232  0.919765 
1.108822  0.921955 

1.024420  0.989797 
1.047304  0.981451 
1.067699  0.974838 
1.084550  0.969797 
1.096810  0.966137 
1.103631  0.963650 
1.104629  0.962124 
1.100202  0.961369 
1.091845  0.961237 
1.082314  0.961628 

1.018883  0.994006 
1.035937  0.989178 
1.050567  0.985398 
1.06220b  0.982536 
1.070386  0.980455 
1.074840  0.979022 
1.075622  0.978118 
1.073218  0.977649 
1.068624  0.977556 
1.063362  0.977815 

1.014989  0.995990 
1.028194  0.992783 
1.039248  0.990285 
1.047842  0.988401 
1.053774  0.987035 
1.056997  0.986103 
1.057681  0.985533 
1.056251  0.985277 
1.053413  0.985308 
1.050134  0.985624 


0.826621  0.687092* 

0.697826  0.659627* 

0.605601  0.639423* 

0.544199  0.627842* 

0.510043  0.626641* 

0.501336  0.638063 

0.517955  0.664473 

0.559694  0.707255 

0.622674  0.763588 

0.691785  0.820571 

0.923577  0.720889  # 

0.864181  0.724630* 

0.819980  0.732319  * 

0.789537  0.744090* 

0.771653  0.759956* 

0.765070  0.779643* 

0.768158  0.802454# 

0.778873  0.827182* 

0.794458  0.851875* 

0.811007  0.873892# 

0.954775  0.728779# 

0.919314  0.739143# 

0.892848  0.751901# 

0.874564  0.766912# 

0.863385  0.783999# 

0.858695  0.802685* 

0.859152  0.822399* 

0.863768  0.842343# 

0.870767  0.861436# 

0.878543  0.878455# 

0.969337  0.731088* 

0.945212  0.742986# 

0.927107  0.756464* 

0.914514  0.771323* 

0.906831  0.787319# 

0.903219  0.804105# 

0.903110  0.821269* 

0.905531  0.838203# 

0.909617  0.854283* 

0.914348  0.868775* 

0.977342  0.731616* 

0.959529  0.743565* 

0.946196  0.756597* 

0.936818  0.770507* 

0.931033  0.785106* 

0.928214  0.800090* 

0.927872  0.815136* 

0.929378  0.829857* 

0.932225  0.843759* 

0.935495  0.856410* 


1.101 

1.226 

1.824 

1.210 

1.500 

1.651 

1.325 

1.826 

1.481 

1.441 

2.  198 

1.315 

1.549 

2.594 

1.157 

1.639 

2.971 

1.008 

1.696 

3.  261 

0.871 

1.710 

3.389 

0.750 

1.680 

3.324 

0.647 

1.631 

3. 152 

0.565 

1.043 

1.095 

1.891 

1.082 

1.  188 

1.784 

1.117 

1.274 

1.682 

1.145 

1.347 

1.584 

1.  165 

1.404 

1.491 

1.176 

1.441 

1.404 

1.179 

1.455 

1.323 

1.175 

1.450 

1.250 

1.167 

1.431 

1.186 

1.  156 

1.407 

1.130 

1.026 

1.056 

1.918 

1.048 

1.107 

1.840 

1.066 

1. 150 

1.764 

1.080 

1.184 

1.693 

1.089 

1.208 

1.625 

1.094 

1.222 

1.562 

1.095 

1.226 

1.503 

1.093 

1.223 

1.450 

1.089 

1.214 

1.403 

1.084 

1.204 

1.362 

1.018 

1.038 

1.934 

1.032 

1.071 

1.871 

1.044 

1.098 

1.811 

1.053 

1.119 

1.754 

1.058 

1.133 

1.700 

1.061 

1.141 

1.650 

1.062 

1.143 

1.604 

1.061 

1.141 

1.562 

1.058 

1. 136 

1.524 

1.055 

1.130 

1.491 

1.013 

1.028 

1.945 

1.024 

1.052 

1.892 

1.032 

1.071 

1.841 

1.038 

1.085 

1.794 

1.042 

1.095 

1.749 

1.044 

1.100 

1.707 

1.045 

1.  102 

1.669 

1.044 

1.  101 

1.634 

1.043 

1.097 

1.603 

1.041 

1.093 

1.575 

0.576* 

1.937 

1.127 

0.573* 

1.865 

1.275 

0.569* 

1.784 

1.445 

0.562* 

1.692 

1.638 

0.552* 

1.588 

1.854 

0.535 

1.471 

2.090 

0.521 

1.342 

2.339 

0.499 

1.202 

2.592 

0.473 

1.059 

2.841 

0.444 

0.927 

3.090 

0.586* 

1.933 

1.067 

0.596* 

1.863 

1.135 

0.607* 

1.789 

1.204 

0.620* 

1.713 

1.272 

0.633* 

1.635 

1.338 

0.647* 

1.557 

1.400 

0.662* 

1.478 

1.456 

0.677* 

1.402 

1.511 

0.692# 

1.331 

1.559 

0.704* 

1.268 

1.603 

0.587* 

1.942 

1.045 

0.596# 

1.882 

1.089 

0.607* 

1.822 

1.132 

0.619* 

1.762 

1.172 

0.631* 

1.702 

1.210 

0.645* 

1.643 

1.245 

0.658* 

1.585 

1.276 

0.672* 

1.531 

1.305 

0.686# 

1.481 

1.330 

0.700* 

1.437 

1.353 

0.586# 

1.949 

1.034 

0.594# 

1.899 

1.066 

0.  604# 

1.848 

1.097 

0.614# 

1.798 

1.125 

0.624* 

1.749 

1.152 

0.635* 

1.702 

1.176 

0.646* 

1.657 

1.197 

0.656* 

1.614 

1.217 

0.  667  # 

1.575 

1.234 

0.677# 

1.540 

1.250 

0.585* 

1.956 

1.027 

0.592* 

1.912 

1.052 

0.600* 

1.868 

1.076 

0.609* 

1.826 

1.098 

0.617* 

1.784 

1.118 

0.  626* 

1.745 

1.137 

0.635* 

1.707 

1.153 

0.644# 

1.672 

1.168 

0.652* 

1.639 

1.181 

0.660* 

1.610 

1.193 

1.017461  3.959211* 

1.034927  3.468455* 

1.051571  3.026921  * 

1.066154  2.634784# 

1.076963  2.291408# 

1.081896  1.996479 

1.078903  1.749107 

1.067057  1.548715 

1.048388  1.394501 

1.0  29  891  1.286115 

1.014121  4.084494 * 

1.026450  3.699275* 

1.036478  3.344255* 

1.043736  3.019266* 

1.047875  2.724672* 

1.048762  2.460515* 

1.046589  2.226798s 

1.041963  2.024326* 

1.035957  1.853680* 

1.030072  1.716262  * 

1.010092  4.168552  * 

1.018517  3.859493  * 

1.025084  3.572053  * 

1.029  6  7  4  3.30  5  9  2  6  * 

1.032267  3.062147  * 

1.032968  2.839770  * 

1.032032  2.639412  * 

1.029864  2.461634  * 

1.027017  2.306408  * 

1.024159  2.174512  * 

1.007461  4.224519  * 

1.013557  3.966636  * 

1.018225  3.726301  * 

1.021462  3.502996  * 

1.023324  3.296967  * 

1.023943  3.108326  * 

1.023524  2.937719  * 

1.022343  2.784637  * 

1.020740  2.649754  * 

1.019096  2.533259  * 

1.005724  4.263953  * 

1.010341  4.042719  * 

1.013846  3.836187  * 

1.016273  3.643791  * 

1.017697  3.466156  * 

1.018236  3.303016  * 

1.018052  3.154787  * 

1.017344  3.021764  * 

1.016342  2.903499  * 

1.015296  2.800820  * 


n 
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TABLE  4.1. IV 


Mass 

Area 

Mass 

Men .  Mtn. 

Energy 

Mach 

Mach 

Mach 

Velocity 

Static  p 

Static  p 

Wc  igh ted 

Weighted 

Derived 

Mixed  Flux 

Coeff 

Flux 

Coeff 

Number 

Mass 

Derived 

Number 

Mtm. 

Mixed 

Number 

Entropy 

Flux 

Ratio 

Max/ 

Mean 

Ratio 

Entropy/ 

Wall 

Ratio 

Mixed/ 

Wall 

1.068261 

0.9J1971 

0.751451 

0. 315048*  1.  143 

1.316 

2.738 

0.479* 

2.894 

1.162 

1.048837 

8.842876* 

1.1532U9 

U.87228U 

0.573421 

0. 3U569U*  1.3U6 

1.736 

2.476 

0.482* 

2.774 

1.357 

1.101304 

7.488930* 

1.259857 

0.821698 

0.448774 

0,301287  *  1.489 

2.282 

2.217 

0.487* 

2.638 

1.588 

1.155613 

6.269918  * 

1.394U35 

U. 781183 

0.365345 

0.303460*  1.684 

2.961 

1.961 

0.491* 

2.485 

1.856 

1.208147 

5.185979* 

1.56U5J7 

0.751797 

0.314836 

0.314828  *  1.876 

3.736 

1.710 

0.496* 

2.311 

2.156 

1.252546 

4.238566* 

1  .  7565J2 

0.734362 

0.293295 

0.339  5  29  *  2.034 

4.486 

1.469 

0.501* 

2.115 

2.471 

1.2791 16 

3.426431* 

1.952845 

0.728515 

0. 301316 

0.384088  *  2.  117 

4.985 

1.243 

0.  5 Oh* 

1.898 

2.766 

1.275948 

2.750767* 

2.054UU1 

0. 731057 

0.344359 

0.457149  *  2.089 

4.978 

1.040 

0.  50»»* 

1.663 

2.998 

1.234362 

2.211493* 

1.885107 

0.736205 

0.428371 

0.563673  1.949 

4.429 

0.867 

0.501 

1.422 

3.144 

1.160474 

1.808711 

1.457452 

0.747U26 

0.536826 

0.681694  1.783 

3.740 

0.7  33 

0.489 

1.207 

3.264 

1.087778 

1.541785 

II 


,072099 

3.984508 

0.870714 

0.336459  • 

1.079 

1.169 

2.818 

0.482* 

2.881 

1.098 

1.043267 

9.189072* 

,153251 

0.973915 

0.771343 

0.348764  • 

1.155 

1.348 

2.639 

0.490* 

2.756 

1.199 

1.083748 

8.133541  * 

242474 

0.968025 

0.697536 

0.366167  * 

1.224 

1.524 

2.465 

0.500* 

2.625 

1.300 

1.119125 

7.165737  * 

336543 

0.966223 

0.646175 

0.389768* 

1.283 

1.682 

2.297 

0.511* 

2.489 

1.398 

1.146769 

6.285795* 

,428454 

0.967240 

0.615029 

0.420772* 

1.324 

1.804 

2.136 

0.524* 

2.350 

1.487 

1.164090 

5.493198* 

505705 

0.968951 

0.602454 

0.460314  • 

1.345 

1.872 

1.984 

0  .  539* 

2.209 

1.561 

1.169139 

4.788449* 

549801 

0.968421 

0.606941 

0.508933* 

1.343 

1.878 

1.843 

0.556* 

2.068 

1.618 

1.161409 

4.170920* 

540433 

0.962697 

0.626418 

0.565706  * 

1.322 

1.826 

1.714 

0.575* 

1.932 

1.657 

1.142677 

3.640590* 

469781 

0.950921 

0.656635 

0.626951  • 

1.288 

1.737 

1.601 

0.595* 

1.806 

1.682 

1.1  17535 

3. 198981  * 

368575 

0.937543 

0.689783 

0.684755* 

1.252 

1.645 

1.506 

0.615* 

1.696 

1.701 

1.093264 

2.847543* 

,060498 

0.997057 

0.916171 

0.341572* 

1.053 

1.112 

2.856 

0.482* 

2.892 

1.068 

1.032789 

9.399094  * 

,124165 

0.996859 

0.850709 

0.358289* 

1. 100 

1.218 

2.716 

0.489* 

2.782 

1.135 

1.061740 

8.532024* 

,  188807 

0.998869 

0.801651 

0.379002* 

1.140 

1.313 

2.581 

0.498* 

2.671 

1.198 

1.085563 

7.731812* 

,250836 

1.002247 

0.767430 

0.404199* 

1.172 

1.390 

2.451 

0.507- 

2.558 

1.256 

1.103089 

6.998170* 

,  305006 

1.005824 

0.746645 

0.434262* 

1.192 

1.443 

2.328 

0.517* 

2.446 

1.305 

1.113473 

6.330724* 

,344574 

1.008163 

0.737946 

0.469328* 

1.201 

1.469 

2.212 

0. 529* 

2.336 

1.345 

1.116431 

5.730151* 

,362398 

1.007811 

0.739953 

0.509019  • 

1.199 

1.468 

2.105 

0.541* 

2.2  29 

1.376 

1.112471 

5.  196525* 

,353624 

1.003824 

0.750423 

0.552107* 

1.189 

1.444 

2.008 

0  .  554* 

2.  129 

1.397 

1 . 1 03039 

4.729368* 

,320216 

0.996560 

0.766374 

0.596237  • 

1.173 

1.407 

1.921 

0.  567* 

2.036 

1.412 

1.090540 

4.329  581  « 

,276200 

0.988482 

0.783830 

0.637690* 

.1,157 

1.368 

1.847 

0.  580* 

1.956 

1.425 

1.078180 

3.998425* 

,050200 

1.001220 

0.939714 

0.342900* 

1.038 

1.081 

2.880 

0.481* 

2.904 

1.052 

1.025338 

9.539728* 

,100634 

1.003957 

0.892386 

0. 36U246  • 

1.072 

1.154 

•  2.763 

0.488* 

2.807 

1.101 

1.047007 

8.801218* 

,149242 

1.007668 

0.856832 

0.380612* 

1.099 

1.216 

2.651 

0.495* 

2.711 

1.146 

1.064312 

8.116148* 

,  193253 

1.011645 

0.831993 

0.404213* 

1.120 

1.264 

2.544 

0.502* 

2.615 

1.186 

1.076737 

7.486264* 

.229279 

1.015053 

0.816847 

0.431070* 

1.133 

1.296 

2.443 

0.511* 

2.521 

1.220 

1.084041 

6.909854* 

,253698 

1.017024 

0.810207 

0.461046* 

1.138 

1.311 

2.349 

0.519* 

2.430 

1.247 

1.086355 

6.388728* 

,263490 

1.016847 

0.810977 

0.493591  • 

1.138 

1.310 

2.261 

0.529* 

2.343 

1.268 

1.084257 

5.921514* 

,257581 

1.014248 

0.817418 

0.527737  * 

1.132 

1.297 

2.182 

0. 533* 

2.262 

1.284 

1.078793 

5.509172* 

.230578 

1.009719 

0.827389 

0.561908* 

1.123 

1.277 

2.111 

0.547* 

2.188 

1.295 

1.071450 

5.  151575* 

.214291 

1.004767 

0.838410 

0.593959  * 

1.113 

1.255 

2.049 

0.556* 

2.122 

1.305 

1.064050 

4.849848* 

.042107 

1.002712 

0.953804 

0.342975  * 

1.030 

1.062 

2.896 

0.481* 

2.914 

1.041 

1.020135 

9.640900* 

.082997 

1.006239 

0.917502 

0.359834  * 

1.055 

1.116 

2.796 

0.486- 

2.828 

1.080 

1.037009 

8.995592* 

,120982 

1.010114 

0^890146 

0.379017  • 

1.075 

1.161 

2.700 

0.492* 

2.743 

1.115 

1.050253 

8.396317* 

,154046 

1.013792 

0.871071 

0.400539  • 

1.090 

1.195 

2.608 

0.499* 

2.660 

1.145 

1.059653 

7.842152* 

,  180003 

1.016697 

0.859411 

0.424353  * 

1.099 

1.217 

2.522 

0.506* 

2.579 

1.  171 

1.065202 

7.335250* 

,196834 

1.018301 

0.854062 

0.450162  * 

1.104 

1.227 

2.442 

0.513* 

2.501 

1.191 

1.067145 

6.873603* 

,203215 

1.018252 

0.854264 

0.477505* 

1.103 

1.227 

2.367 

0.520* 

2.427 

1.208 

1.065994 

6.458792# 

,199233 

1.016519 

0.858497 

0.505598  « 

1.099 

1.219 

2.300 

0.527a 

2.358 

1.220 

1.062530 

6.090619# 

,  187140 

1.013551 

0.865343 

0.533326  . 

1.094 

1.206 

2.239 

0.534* 

2.296 

1.229 

1.057770 

5.768745# 

17 1885 

1.010363 

0.873210 

0.559307  • 

1.087 

1.192 

2.186 

0.541* 

2.240 

1.237 

1.052898 

5.494454* 

1.087522 

0.930366 

0.698016 

0.132875* 

1.189 

1.423 

3.646 

0.438  * 

3.846 

1.204 

1.086739 

15.622955  • 

1.202933 

0.871024 

0.490209 

0.129003- 

1.422 

2.046 

3.292 

0.442  # 

3.672 

1.462 

1.186586 

13.012280  * 

1.359245 

0.823544 

0.350124 

0.  127826* 

1.701 

2.955 

2.939 

0.446  * 

3.476 

1.784 

1.298713 

10.670233  • 

1.576994 

0.790184 

0.258651 

0.130503* 

2.024 

4.232 

2.588 

0.451  * 

3.253 

2.179 

1.418375 

8.595615  • 

1.888025 

0.774052 

0.202673 

0.139151* 

2.369 

5.879 

2.242 

0.458  • 

3.000 

2.639 

1.533109 

6.787580  # 

2.336265 

0.778700 

0.174694 

0.  157858* 

2.675 

7.641 

1.904 

0.467  * 

2.716 

3.126 

1.617799 

5.247146  * 

2.951949 

0.805043 

0.173427 

0.  194827  * 

2.837 

8.804 

1.581 

0.476  * 

2.399 

3.541 

1.633068 

3.974634  • 

3.601184 

0.839318 

0.206822 

0.266146* 

2.735 

8.412 

1.285 

0.488  * 

2.055 

3.741 

1.540372 

2.969881  • 

3.546648 

0.829569 

0.294275 

0.395438* 

2.360 

6.435 

1.034 

0.497  • 

1.703 

3.654 

1.348608 

2.234926  # 

2.098543 

0.752577 

0.432598 

0.568290 

1.960 

4.498 

0.846 

0.499 

1.398 

3.492 

1.164014 

1.770705 

1.104642 

0.989691 

0.821269 

0.  143672* 

1.124 

1.269 

3.734 

0.440  * 

3.819 

1.139 

1.083060 

16.199551  • 

1.233408 

0.988090 

0.686861 

0.151469* 

1.254 

1.584 

3.471 

0.446* 

3.628 

1.291 

1.166795 

14.086958  • 

1.391305 

0.995949 

0.588415 

0.163158* 

1.380 

1.930 

3.215 

0.454  • 

3.428 

1.448 

1.246047 

12.161221  • 

1.581861 

1.013459 

0.520220 

0.180206* 

1.493 

2.271 

2.965 

0.463  • 

3.221 

1.601 

1.313600 

10.423273# 

1.802755 

1.039341 

0.478049 

0.204690* 

1.579 

2.552 

2.724 

0.473* 

3.007 

1.738 

1.360683 

8.871246* 

2.036465 

1.069203 

0.459792 

0.239  4  41* 

1.622 

2.709 

2.495 

0.487  * 

2.790 

1.841 

1.378689 

7.505003  # 

2.234606 

1.093314 

0.464503 

0.287852* 

1.613 

2.695 

2.280 

0.502* 

2.574 

1.898 

1.362402 

6.324744  # 

2.305408 

1.095922 

0.491556 

0.352671  * 

1.555 

2.516 

2.085 

0.521  • 

2.365 

1.906 

1.314128 

5.329906* 

2.149163 

1.063045 

0.537294 

0.432612* 

1.466 

2.243 

1.915 

0.542* 

2.172 

1.876 

1.246741 

4.522050  * 

1.826652 

1.008227 

0.589588 

0.515964* 

1.378 

1.987 

1.775 

0.563* 

2.008 

1.841 

1.183180 

3.902734  « 

1.095027 

1.005061 

0.874962 

0.146765* 

1.090 

1.191 

3.780 

0.440* 

3.831 

1.103 

1.066126 

16.559696  * 

1.204951 

1.016149 

0.778411 

0.157543* 

1.176 

1.391 

3.565 

0.446* 

3.657 

1.207 

1.128431 

14.768463* 

1.329642 

1.032936 

0.706637 

0.171866* 

1.254 

1.585 

3.356 

0.452* 

3.481 

1.306 

1.183159 

13.126070# 

1.466044 

1.054283 

0.656587 

0.190705* 

1.317 

1.753 

3.155 

0.460* 

3.303 

1.396 

1.226144 

11.628937  • 

1.605690 

1.077721 

0.626035 

0.215271  * 

1.360 

1.874 

2.963 

0.468* 

3.125 

1.469 

1.253449 

10.280823  # 

1.731550 

1.098914 

0.613305 

0.246832* 

1.378 

1.929 

2.781 

0.478* 

2.950 

1.521 

1.262347 

9.078279  • 

1.816128 

1.111586 

0.617092 

0.286473* 

1.370 

1.912 

2.613 

0.489* 

2.780 

1.549 

1.252496 

8.024216  * 

1.826213 

1.108973 

0.634952 

0.334294* 

1.341 

1.835 

2.460 

0.501  * 

2.621 

1.554 

1.226936 

7.117270  # 

1.743760 

1.088335 

0.663034 

0.388220* 

1.300 

1.724 

2.325 

0.514* 

2.475 

1.544 

1.  192457 

6.357802  # 

1.607952 

1.058653 

0.693683 

0.442520* 

1.258 

1.616 

2.211 

0.527  * 

2.351 

1.531 

1.159004 

5.747968# 

1.083572 

1.010182 

0.905328 

0.147813* 

1.069 

1.145 

3.811 

0.439* 

3.845 

1.080 

1.053043 

.16.811638* 

1.175752 

1.024324 

0.831538 

0.159301  * 

1.133 

1.287 

3.626 

0.445* 

3.690 

1.158 

1.101011 

15.246124  * 

1.274546 

1.041659 

0.776343 

0.173768* 

1.187 

1.416 

3.449 

0.450* 

3.533 

1.229 

1.141430 

13.805550* 

1.375571 

1.060763 

0.737714 

0.191816* 

1.229 

1.521 

3.278 

0,456* 

3.378 

1.291 

1.171930 

12.486345  • 

1.471018 

1.079358 

0.714338 

0.214107* 

1.256 

1.591 

3.1 16 

0.463* 

3.225 

1.340 

1.190657 

11.291395  * 

1.549001 

1.094261 

0.704595 

0.241 184* 

1.267 

1.622 

2.963 

0.471  « 

3.077 

1.374 

1.19  6768 

10.218273# 

1.594479 

1.101765 

0.706926 

0.273306* 

1.263 

1.612 

2.822 

0.479* 

2.935 

1.393 

1.190899 

9.269424  # 

1.593769 

1.098837 

0.719328 

0.310001  • 

1.246 

1.570 

2.694 

0.488* 

2.803 

1.399 

1.175461 

8.443342  • 

1.544612 

1.085410 

0.738201 

0.349620* 

1.221 

1.510 

2.580 

0.497* 

2.683 

1.396 

1.154643 

7.741299  * 

1.470629 

1.067281 

0.758855 

0.388813* 

1.196 

1.449 

2.483 

0.505* 

2.580 

1.390 

1.134038 

7.163390  # 

1.073390 

1.011816 

0.924748 

0. 148092* 

1.055 

1.115 

3.833 

0.439  * 

3.859 

1.065 

1.043440 

16.998638* 

1.151374 

1.026164 

0.865889 

0.159521* 

1.105 

1.223 

3.671 

0.444* 

3.718 

1.126 

1.081654 

15.604010* 

1.231443 

1.042162 

0.821684 

0.173412* 

1.145 

1.317 

3.515 

0.448* 

3.578 

1.181 

1.113018 

14.316257  « 

1.309396 

1.058464 

0.790860 

0.190140* 

1.176 

1.391 

3.366 

0.454* 

3.440 

1.228 

1.1361 54 

13.134075  # 

1.379018 

1.073217 

0.772055 

0.210052* 

1.196 

1.439 

3.224 

0.460* 

3.305 

1.264 

1.150179 

12.058655  * 

1.432259 

1.084183 

0.764143 

0.233349* 

1.204 

1.459 

3.092 

0.466* 

3.176 

1.289 

1.154964 

11.088379  * 

1.460507 

1.089129 

0.765491 

0.259970* 

1.201 

1.453 

2.969 

0.472* 

3.053 

1.304 

1.151337 

10.224733# 

1.4  57683 

1.086649 

0.774387 

0.289366* 

1.  190 

1.427 

2.858 

0.479* 

2.940 

1.310 

1.141175 

9.468376* 

1.425431 

1.077391 

0.788117 

0.320255* 

1.174 

1.389 

2.759 

0.486* 

2.837 

1.310 

1.127340 

8.818439  • 

1.379141 

1.065331 

0.803111 

0.350466* 

1.157 

1.351 

2.674 

0.492* 

2.747 

1.308 

1.113438 

8.275459  # 
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TABLE  4.1.  V 


Mass 

Area 

Mass 

Mtn. 

Mtn. 

Energy 

Mach 

Mach 

Mach 

Veloci tv 

Static  p 

Static  p 

Wo ightud 

Weighted 

Derived 

Mixed 

Flux 

Flux 

Numbe  r 

Number 

Numbe  r 

Ratio 

Ratio 

Ratio 

Coef  f 

Coeff 

Mass 

Mtm. 

Entropy 

Max/ 

Entropy' 

Mixed/ 

Oe rived 

Mixed 

Flux 

Mean 

Wal  1 

Wall 

1.UUUUU6 

0.998390 

0.998028 

0.999219 

1.035 

1.080 

0.190 

0. 190 

0.197 

1.053 

1.000002 

1.001264 

l.(JUUUl3 

0.996859 

0.996242 

0.998395 

1.071 

1.  169 

0.  180 

0.179 

0.194 

1.  112 

1.000004 

1.002259 

I.UUUU2U 

0.995422 

0.994715 

0.997518 

1.  lu9 

1.267 

0. 170 

0.  169 

0.191 

1.  179 

1.000006 

1.002936 

1 .UUUU26 

0.994U97 

0.993439 

0.996627 

1. 149 

1.374 

0.160 

0.159 

0.187 

1.253 

1.000008 

1.003340 

1.0UUU32 

U. 992907 

0.992432 

0.995723 

1.  189 

1.492 

0.  150 

0.  149 

0.  182 

1.338 

1.000009 

1.003426 

l.oooo'Ja 

0.991881 

0.991732 

0.994854 

1.230 

1.617 

0.  140 

0.  139 

0.177 

1.435 

1.000011 

1.003236 

1.0UUU42 

0.991059 

0.991  386 

U.994U57 

1.269 

1.747 

0.  129 

0.129 

0.171 

1.547 

1.000012 

1.002767 

1.0OUU43 

0.99U493 

U. 991436 

0.993366 

1.304 

1.873 

0.119 

0.119 

0.  163 

1.678 

1.000012 

1.001984 

1.00UU41 

0.99U256 

0.991962 

0.992886 

1.330 

1.977 

0. 109 

0.  109 

0.  153 

1.833 

1.000012 

1.000951 

1.0UUUJ2 

U. 990451 

0.993U62 

0.992686 

1.341 

2.023 

0.099 

0.099 

0.  141 

2.020 

1.000009 

0.999606 

1.00U005 

0.999104 

0.999332 

U.999351 

1.010 

1.026 

0.  195 

0.195 

0.  197 

1.026 

1.000001 

1.000030 

1.000009 

0.998246 

0.998718 

0.998709 

1.021 

1.052 

0.190 

0.190 

0.19  5 

1.054 

1.000003 

0.999992 

1.000013 

0.997427 

0.998183 

0.998075 

1.030 

1.078 

0.185 

0.  185 

0.192 

1.083 

1.000004 

0.999885 

1.000017 

0.996651 

0.997722 

0.997452 

1.040 

1.103 

0.  180 

0.  180 

0.188 

1.114 

1.000005 

0.  999708 

1.000020 

0.995923 

0.997359 

0.996845 

1.048 

1.126 

0.175 

0.  175 

0.185 

1.146 

1.000006 

0.999461 

1.000022 

0.995247 

0.997066 

0.996257 

1.056 

1.  148 

0.169 

0.170 

0.181 

1. 181 

1.000006 

0.999143 

1.0UUU24 

0.994627 

0.996886 

0.995692 

1.062 

1.  167 

0.  164 

0.  164 

0.  177 

1.217 

1.000007 

0.998755 

1.000024 

0.994070 

0.996813 

0.995157 

1.068 

1.  183 

0.159 

0.  159 

0. 173 

1.256 

1.000007 

0.998295 

1.000024 

0.993581 

0.996821 

0.994636 

1.071 

1.194 

0.154 

0.  154 

0.168 

1.298 

1.000007 

0.997723 

1.000021 

0.993169 

0.996965 

0.994178 

1.073 

1.  198 

0.149 

0.  149 

0.163 

1.342 

1.000006 

0.997120 

1.000003 

0.999295 

0.999650 

0.999399 

1.005 

1.013 

0.197 

0.197 

0.198 

1.018 

1.000001 

0.999723 

1.000006 

0.998611 

0.999338 

0.998828 

1.01O 

1.026 

0.  19  3 

0.  193 

0.196 

1.036 

1.000002 

0.999467 

1.000009 

0.997948 

0.999035 

0.998263 

1.015 

1.039 

0.  190 

0.190 

0.193 

1.054 

1.000002 

0.999178 

1.000011 

0.997307 

0.998794 

0.997706 

1.019 

1.050 

0.186 

0.186 

0.191 

1.074 

1.000003 

0.998857 

1.000013 

0.996689 

0.998611 

0.997136 

1.023 

1.061 

0.  183 

0.  183 

0.  188 

1.094 

1.000004 

0.998457 

1 . 000014 

0.996097 

0.998435 

0.996598 

1.027 

1.071 

0.  179 

0.180 

0.185 

1.115 

1.000004 

0.990072 

1.000015 

0.995531 

0.998316 

0.996072 

1.030 

1.079 

0.  176 

0.176 

0.183 

1.137 

1.000004 

0.997655 

1.000015 

0.994993 

0.998250 

0.995538 

1.032 

1.086 

0.172 

0.173 

0.180 

1.160 

1.000004 

0.997160 

1.000015 

0.994486 

0.998236 

0.995040 

1.034 

1.090 

0.  169 

0.170 

0.176 

1.183 

1.000004 

0.996678 

1.000014 

0.994010 

0.998248 

0.994559 

1.035 

1.093 

0.  165 

0. 166 

0.  173 

1.208 

1.000004 

0.996163 

1.000002 

0.999374 

0.999783 

0.999445 

1.003 

1.009 

0. 197 

0.19  7 

0.  198 

1.013 

1.000001 

0.999652 

1.000004 

0.998761 

0.999573 

0.998893 

1.006 

1.017 

0.  195 

0.195 

0.196 

1.027 

1.000001 

0.999286 

1.000006 

0.99816U 

0.999394 

0.998347 

1.009 

1.024 

0.  192 

0.192 

0.  194 

1.041 

1.000002 

0.998902 

1.000007 

0.997574 

0.999245 

0.997806 

1.012 

1.031 

0.190 

0.190 

0.192 

1.055 

1.000002 

0.998500 

1.000009 

0.997001 

0.999100 

0.997271 

1.015 

1.038 

0.187 

0.  187 

0.  190 

1.070 

1.000002 

0.998080 

1.000010 

0.996443 

0.998985 

0.996742 

1.017 

1.044 

0. 184 

0.185 

0. 188 

1.085 

1.000003 

0.997641 

1.000010 

0.9959U1 

0.998898 

0.996220 

1.019 

1.049 

0. 182 

0. 182 

0.186 

1.101 

1.000003 

0.997184 

1.000011 

0.995374 

0.998839 

0.995706 

1.020 

1.053 

0.179 

0.  180 

0.184 

1.117 

1.000003 

0.996709 

1.000011 

0.994865 

0.998806 

0.995200 

1.021 

1.056 

0.176 

0.177 

0.181 

1.133 

1.000003 

0.996215 

1.000010 

0.994373 

0.998799 

0.994703 

1.022 

1.058 

0.174 

0.175 

0.179 

1.150 

1.000003 

0.995703 

1.000002 

0.999414 

0.999837 

0.999441 

1.002 

1.006 

0.198 

0.198 

0.198 

1.011 

1.000000 

0.999559 

1.000003 

0.998837 

0.999705 

0.998909 

1.005 

1.012 

0.  196 

0.196 

0. 197 

1.022 

1.000001 

0.999158 

1.000004 

0.998268 

0.999575 

0.998381 

1.007 

1.017 

0. 194 

0.  194 

0.195 

1.033 

1.000001 

0.998745 

1.000005 

0.997709 

0.999448 

0.997857 

1.009 

1.022 

0.192 

0.192 

0.194 

1.044 

1.000002 

0.998320 

1.000006 

0.997159 

0.999350 

0.997336 

1.010 

1.027 

0. 189 

0. 190 

0.192 

1.056 

1.000002 

0.997883 

1.000007 

0.996618 

0.999254 

0.996820 

1.012 

1.031 

0.187 

0.188 

0. 190 

1.068 

1.000002 

0.997434 

1.000008 

0.996088 

0.999186 

0.996308 

1.014 

1.035 

0.185 

0.186 

0.188 

1.080 

1.000002 

0.996972 

1.000008 

0.995568 

0.999144 

0.995801 

1.015 

1.038 

0.183 

0.184 

0.186 

1.092 

1.000002 

0.996499 

1.000008 

0.995060 

0.999104 

0.995299 

1.016 

1.040 

0.181 

0.182 

0.184 

1.105 

1.000002 

0.996013 

1.000008 

0.994562 

0.999089 

0.994803 

1.016 

1.042 

0.179 

0.180 

0.182 

1.118 

1.000002 

0.995515 

1.0UU09S 

0.995285 

0.992334 

0.998385 

1.035 

1.081 

0.380 

0.377 

0.395 

1.053 

1.000029 

1.007519 

1.000199 

0.990858 

0.985506 

0.996546 

1.072 

1.170 

0.360 

0.355 

0.389 

1.112 

1.000059 

1.013527 

1.000301 

0.986774 

0.979588 

0.994510 

1.111 

1.269 

0.340 

0.334 

0.382 

1.179 

1.000088 

1.018014 

1.000401 

0.983101 

0.974605 

0.992388 

1.150 

1.377 

0.320 

0.313 

0.374 

1.253 

1.000117 

1.021138 

1.000496 

0.979927 

0.970667 

0.990249 

1.191 

1.496 

0.299 

0.293 

0.365 

1.338 

1.000145 

1.022893 

1.000580 

0.977368 

0.967947 

0.988284 

1.232 

1.622 

0.279 

0.273 

0.354 

1.435 

1.000169 

1.023493 

1.000644 

0.975576 

0.966524 

0.986563 

1.272 

1.754 

0.259 

0.253 

0.341 

1.547 

1.000186 

1.022785 

1.000671 

0.974762 

0.966671 

0.985364 

1.307 

1.881 

0.2  38 

0.233 

0.325 

1.678 

1.000193 

1.020962 

1.000637 

0.975216 

0.968641 

0.984955 

1.334 

1.986 

0.218 

0.214 

0.305 

1.833 

1.000183 

1.018005 

1.000496 

0.977364 

0.972950 

0.985731 

1.344 

2.031 

0.197 

0.195 

0.280 

2.020 

1.000142 

1.013898 

1.000072 

0.997995 

0.997375 

0.998918 

1.011 

1.026 

0.  390 

0.389 

0.395 

1.026 

1.000021 

1.001972 

1.000140 

0.996125 

0.994965 

0.997867 

1.021 

1.053 

0.380 

0.378 

0.389 

1.054 

1.000041 

1.003616 

1.000203 

0.994404 

0.992908 

0.996819 

1.031 

1.079 

0.369 

0.368 

0.383 

1.083 

1.000059 

1.004845 

1.000259 

0.992846 

0.991097 

0.995819 

1.040 

1.104 

0.359 

0.357 

0.377 

1.114 

1.000075 

1.005743 

1.000306 

0.991465 

0.989666 

0.994878 

1.049 

1.  128 

0.349 

0.  347 

0.370 

1.146 

1.000089 

1.006307 

1.000344 

0.990279 

0.988555 

0.994012 

1.057 

1.150 

0.338 

0.336 

0.362 

1.181 

l. 000100 

1.006536 

1.000369 

0.989309 

0.987841 

0.993201 

1.064 

1.  170 

0.328 

0.326 

0.354 

1.218 

1.000107 

1.006349 

1.000378 

0.988577 

0.987463 

0.992567 

1.069 

1.185 

0.318 

0.316 

0.345 

1.257 

1.000109 

1.005981 

1.000368 

0.988110 

0.987569 

0.992032 

1.073 

1.197 

0.307 

0.306 

0.335 

1.298 

1.000106 

1.005196 

1.000334 

0.987938 

0.988090 

0.991687 

1.074 

1.201 

0.297 

0.296 

0.325 

1.343 

1.000096 

1.004145 

1.000048 

0.998720 

0.998622 

0.999139 

1.005 

1.014 

0.393 

0.393 

0.396 

1.018 

1.000014 

1.000648 

1.000092 

0.997515 

0.997341 

0.998320 

1.010 

1.027 

0.386 

0.386 

0.391 

1.036 

1.000027 

1.001186 

1.000132 

0.996389 

0.996252 

0.997546 

1.015 

1.039 

0.379 

0.379 

0.386 

1.054 

1.000038 

1.001612 

1.000167 

0.995347 

0.995299 

0.996785 

1.020 

1.051 

0.372 

0.372 

0.381 

1.074 

1.000048 

1.001839 

1.000196 

0.994395 

0.994479 

0.996075 

1.024 

1.062 

0.365 

0.365 

0.376 

1.094 

1.000057 

1.001952 

1.000219 

0.993537 

0.993884 

0.995387 

1.027 

1.072 

0.358 

0.358 

0.371 

1.115 

1.000063 

1.001865 

1.000234 

0.992780 

0.993411 

0.994760 

1.030 

1.080 

0.351 

0.351 

0.365 

1.137 

1.000068 

1.001663 

1. 000241 

0.992132 

0.993105 

0.994165 

1.033 

1.087 

0.344 

0.344 

0.359 

1.  160 

1.000070 

1.001261 

1.000239 

0.991598 

0.993047 

0.993643 

1.035 

1.092 

0.337 

0.337 

0.352 

1.183 

1.000069 

1.000742 

1.000226 

0.991189 

0.993140 

0.993201 

1.035 

1.094 

0.330 

0.330 

0.345 

1.208 

1.000065 

1.000104 

1.000033 

0.999020 

0.999146 

0.999249 

1.003 

1.009 

0.395 

0.395 

0.396 

1.013 

1.000010 

1.000142 

1.000064 

0.998086 

0.998317 

0.998563 

1.007 

1.017 

0.389 

0.389 

0.393 

1.027 

1.000019 

1.000310 

1.000091 

0.997201 

0.997611 

0.997905 

1.010 

1.025 

0.384 

0.384 

0.389 

1.04J 

1.000027 

1.000412 

1.000115 

0.996368 

0.996974 

0.997241 

1.012 

1.032 

0.379 

0.379 

0.385 

1.055 

1.000033 

1.000362 

1.000135 

0.995588 

0.996454 

0.996574 

1.015 

1.039 

0.374 

0.374 

0.380 

1.070 

1.000039 

1.000160 

1.000151 

0.994865 

0.995999 

0.995978 

1.017 

1.044 

0.368 

0.368 

0.376 

1.085 

1.000044 

0.999978 

1.000161 

0.994200 

0.995656 

0.995382 

1.019 

1.050 

0.363 

0.363 

0.372 

1.101 

1.000047 

0.999645 

1.000167 

0.993597 

0.995422 

0.994860 

1.021 

1.054 

0.358 

0.358 

0.367 

1.117 

1.000048 

0.999329 

1.000167 

0.993059 

0.995294 

0.994310 

1.022 

1.057 

0.352 

0.353 

0.362 

1.133 

1.000048 

0.998779 

1.000160 

0.992589 

0.995314 

0.993838 

1.023 

1.058 

0.347 

0.348 

0.357 

1.150 

1.000046 

0.998244 

1.000025 

0.999172 

0.999357 

0.999319 

1.002 

1.006 

0.396 

0.396 

0.397 

1.011 

1.000007 

0.999916 

1.000047 

0.998376 

0.993784 

0.998693 

1.005 

1.012 

0.391 

0.392 

0.394 

1.022 

1.000014 

0.999880 

1.0U00b7 

0.997613 

0.998274 

0.998087 

1.007 

1.018 

0.387 

0.  387 

0.390 

1.033 

1.000019 

0.999800 

1.000084 

0.996884 

0.997826 

0.997466 

1.009 

1.023 

0.383 

0.383 

0.387 

1.044 

1.000024 

0.999590 

1.000098 

0.996192 

0.997388 

0.996867 

1.011 

1.027 

0.379 

0.379 

0.384 

1.056 

1.000028 

0.999337 

1.000110 

0.995536 

0.997060 

0.996291 

1.012 

1.032 

0.374 

0.375 

0.380 

1.068 

1.000032 

0.999041 

1.000118 

0.994919 

0.996791 

0. 995739 

1.014 

1.035 

0.370 

0.370 

0.376 

1.080 

1.000034 

0.998702 

1.000122 

0.994343 

0.996626 

0.995212 

1.015 

1.038 

0.366 

0.366 

0.372 

1.092 

1.000035 

0.998319 

1.000123 

0.993808 

0.996468 

0.994677 

1.016 

1.041 

0.361 

0.362 

0.368 

1.105 

1.000035 

0.997807 

1.000119 

0.993316 

0.996412 

0.994204 

1.017 

1.042 

0.357 

0.358 

0.364 

1.118 

1.000034 

0.997335 
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TABLE  4.1.  VI 


Hass 

Area 

Mass 

Mtm. 

Mtn. 

Energy 

Mach 

Mach 

Mach 

Velocity 

Static  p 

Static  p 

Weighted 

Weighted 

Derived 

Mixed 

Flux 

Flux 

Number 

timber 

Number 

Ratio 

Ratio 

Ratio 

Coeff 

Coeff 

Hass 

Htn. 

Entropy 

Max/ 

Entropy/ 

Mixed/ 

Derived 

Mixed 

Flux 

Mean 

Wall 

Wall 

1.000457 

0.990776 

0.983755 

0.996946 

1.036 

1.082 

0.571 

0.559 

0.592 

1.053 

1.000140 

1.022346 

1.000929 

0.982109 

0.969201 

0.993229 

1.073 

1.172 

0.541 

0.522 

0.583 

1.113 

1.000284 

1.038693 

1.001409 

0.974107 

0.956553 

0.989092 

1.112 

1.272 

0.511 

0.487 

0.572 

1.179 

1.000428 

1.050205 

1.001888 

0.966913 

0.945884 

0.984798 

1.153 

1.382 

0.481 

0.455 

0.560 

1.254 

1.000569 

1.057734 

1.002349 

0.960710 

0.937442 

0.980569 

1.195 

1.503 

0.450 

0.425 

0.546 

1.339 

1.000703 

1.061727 

1.002766 

0.955743 

0.931447 

0.976697 

1.237 

1.632 

0.419 

0.395 

0.530 

1.436 

1.000821 

1.062578 

1.003091 

0.952343 

0.928212 

0.973514 

1.277 

1.766 

0.388 

0.367 

0.510 

1.548 

1.000908 

1.060504 

1.003248 

0.950970 

0.928261 

0,971542 

1.313 

1.896 

0.357 

0.339 

0.486 

1.679 

1.000944 

1.055854 

1.003104 

0.952288 

0.932353 

0.971371 

1.340 

2.003 

0.326 

0.311 

0.456 

1.835 

1.000892 

1.048629 

1.002418 

0.957279 

0.941501 

0.973941 

1.350 

2.046 

0.294 

0.284 

0.417 

2.022 

1.000691 

1.038927 

1.000340 

0.996378 

0.994260 

0.998183 

1.011 

1.027 

0.585 

0.581 

0.592 

1.026 

1.000103 

1.006796 

1.000664 

0.993025 

0.989135 

0.996355 

1.022 

1.054 

0.569 

0.563 

0.583 

1.054 

1.000200 

1.012146 

1.000965 

0.989967 

0.984596 

0.994598 

1.032 

1.081 

0.554 

0.545 

0.574 

1.083 

1.000289 

1.016332 

1.001236 

0.987235 

0.980767 

0.992938 

1.042 

1.107 

0.538 

0.528 

0.564 

1.114 

1.000368 

1.019418 

1.001470 

0.984864 

0.977623 

0.991376 

1.051 

1.131 

0.523 

0.512 

0.554 

1.147 

1.000436 

1.021379 

1.001657 

0.982892 

0.975208 

0.990001 

1.059 

1.154 

0.507 

0.496 

0.542 

1.181 

1.000488 

1.022419 

1.001783 

0.981366 

0.973560 

0.988880 

1.066 

1.174 

0.491 

0.481 

0.530 

1.218 

1.000523 

1.022654 

1.001633 

0.980339 

0.972771 

0.987992 

1.071 

1.190 

0.475 

0.465 

0.516 

1.257 

1.000535 

1.021921 

1.001788 

0.979871 

0.972921 

0.987481 

1.075 

1.201 

0.459 

0.450 

0.501 

1.299 

1.000519 

1.020495 

1.001623 

0.980036 

0.974076 

0.987336 

1.076 

1.206 

0.443 

0.436 

0.485 

1.343 

1.000470 

1.018198 

1.000229 

0.997879 

0.996977 

0.998702 

1.006 

1.014 

0.590 

0.588 

0.593 

1.018 

1.000069 

1.003013 

1.000441 

0.995908 

0.994278 

0.997498 

1.011 

1.028 

0.579 

0.576 

0.586 

1.036 

1.000132 

1.005618 

1.000634 

0.994096 

0.991812 

0.996303 

1.016 

1.041 

0.568 

0.564 

0.579 

1.055 

1.000188 

1.007529 

1.000804 

0.992455 

0.989718 

0.995194 

1.021 

1.053 

0.558 

0.553 

0.571 

1.074 

1.000238 

1.008991 

1.000947 

0.990997 

0.987985 

0.994185 

1.025 

1.064 

0.547 

0.542 

0.563 

1.094 

1.000280 

1.010031 

1.001061 

0.989734 

0.986603 

0.993259 

1.028 

1.074 

0.537 

0.531 

0.555 

1.115 

1.000312 

1.010577 

1.001139 

0.988681 

0.985561 

0.992437 

1.032 

1.083 

0.526 

0.520 

0.546 

1.137 

1.000333 

1.010671 

1.001175 

0.987854 

0.984983 

0.991744 

1.034 

1.090 

0.515 

0.510 

0.536 

1.160 

1.000343 

1.010356 

1.001165 

0.987271 

0.984785 

0.991172 

1.036 

1.094 

0.504 

0.500 

0.526 

1.184 

1.000339 

1.009582 

1.001099 

0.986951 

0.985018 

0.990794 

1.037 

1.097 

0.494 

0.490 

0.515 

1.208 

1.000319 

1.008511 

1.000161 

0.998500 

0.998048 

0.998981 

1.004 

1.009 

0.592 

0.591 

0.594 

1.013 

1.000048 

1.001616 

1.000309 

0.997094 

0.996303 

0.998023 

1.007 

1.018 

0.584 

0.582 

0.589 

1.027 

1.000092 

1.002998 

1.000442 

0.995788 

0.994751 

0.997104 

1.010 

1.026 

0.576 

0.574 

0.583 

1.041 

1.000131 

1.004066 

1.000558 

0.994586 

0.993386 

0.996228 

1.013 

1.033 

0.568 

0.565 

0.576 

1.055 

1.000165 

1.004833 

1.000656 

0.993495 

0.992205 

0.995403 

1.016 

1.040 

0.560 

0.557 

0.570 

1.070 

1.000193 

1.005315 

1.000733 

0.992520 

0.991275 

0.994636 

1.018 

1.046 

0.552 

0.549 

0.563 

1.085 

1.000215 

1.005528 

1.000788 

0.991667 

0.990520 

0.993937 

1.020 

1.051 

0.543 

0.541 

0.556 

1.101 

1.000230 

1.005488 

1.000816 

0.990944 

0.990004 

0.993316 

1.022 

1.055 

0.535 

0.533 

0.549 

1.117 

1.000238 

1.005218 

1.000815 

0.990358 

0.989788 

0.992784 

1.023 

1.058 

0.527 

0.525 

0.541 

1.133 

1.000237 

1.004737 

1.000783 

0.989917 

0.989731 

0.992321 

1.024 

1.060 

0.519 

0.517 

0.533 

1.150 

1.000228 

1.003966 

1.000119 

0.998815 

0.998663 

0.999134 

1.003 

1.006 

0.594 

0.593 

0.595 

1.011 

1.000035 

1.000926 

1.000228 

0.997696 

0.997366 

0.998310 

1.005 

1.012 

0.587 

0.586 

0.590 

1.022 

1.000067 

1.001698 

1.000325 

0.996645 

0.996244 

0.997503 

1.007 

1.018 

0.580 

0.579 

0.585 

1.033 

1.000096 

1.002231 

1.000409 

0.995664 

0.995221 

0.996749 

1.009 

1.023 

0.574 

0.572 

0.580 

1.044 

1.000120 

1.002641 

1.000480 

0.994758 

0.994368 

0.996054 

1.011 

1.028 

0.567 

0.566 

0.575 

1.056 

1.000141 

1.002935 

1.000536 

0.993928 

0.993610 

0.995353 

1.013 

1.033 

0.561 

0.559 

0.569 

1.068 

1.000157 

1.002909 

1.000576 

0.993179 

0.993016 

0.994719 

1.014 

1.036 

0.554 

0.553 

0.563 

1.080 

1.000168 

1.002786 

1.000598 

0.992515 

0.992583 

0.994158 

1.016 

1.039 

0.547 

0.546 

0.557 

1.093 

1.000174 

1.002575 

1.000601 

0.991938 

0.992308 

0.993606 

1.017 

1.042 

0.541 

0.540 

0.551 

1.105 

1.000175 

1.002077 

1.000583 

0.991453 

0.992185 

0.993140 

1.017 

1.043 

0.534 

0.533 

0.545 

1.118 

1.000169 

1.001515 

n 
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i/ 


3 


1/ 


5 


1/ 
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1.001288 

0.985621 

0.973248 

0.994556 

1.037 

1.083 

0.761 

0.722 

0.789 

1.054 

1.000417 

1.060595 

1.002631 

0.972046 

0.949264 

0.987751 

1.075 

1.175 

0.722 

0.664 

0.776 

1.113 

1.000843 

1.095557 

1.004015 

0.959445 

0.928275 

0.980308 

1. 116 

1.278 

0.682 

0.616 

0.762 

1.180 

1.001274 

1.116496 

1.005417 

0.948039 

0.910492 

0.972706 

1.158 

1.391 

0.642 

0.574 

0.746 

1.255 

1.001699 

1.127794 

1.006792 

0.938122 

0.896257 

0.965478 

1.201 

1.515 

0.601 

0.535 

0.727 

1.341 

1.002103 

1.132017 

1.008064 

0.930091 

0.885953 

0.959047 

1.244 

1.647 

0.560 

0.498 

0.705 

1.438 

1.002460 

1.130244 

1.009099 

0.924497 

0.880200 

0.954014 

1.285 

1.785 

0.518 

0.464 

0.678 

1.551 

1.002730 

1.123346 

1.009661 

0.922129 

0.879828 

0.951188 

1.323 

1.919 

0.476 

0.430 

0.645 

1.683 

1.002844 

1.111934 

1.009320 

0.924154 

0.886221 

0.951648 

1.350 

2.028 

0.433 

0.396 

0.605 

1.838 

1.002691 

1.096237 

1.007264 

0.932373 

0.901375 

0.957181 

1.359 

2.069 

0.390 

0.363 

0.551 

2.024 

1.002073 

1.076726 

1.000981 

0.994528 

0.990360 

0.997050 

1.012 

1.028 

0.779 

0.765 

0.789 

1.026 

1.000309 

1.020908 

1.001922 

0.989459 

0.981703 

0.994081 

1.023 

1.056 

0.759 

0.735 

0.777 

1.054 

1.000601 

1.035373 

1.002808 

0.984835 

0.974071 

0.991186 

1.034 

1.084 

0.738 

0.709 

0.765 

1.084 

1. '000871 

1.045267 

1.003617 

0.980707 

0.967521 

0.988473 

1.044 

1.111 

0.717 

0.684 

0.751 

1.115 

1.001111 

1.051764 

1.004324 

0.977136 

0. 962107 

0.986028 

1.054 

1.137 

0.696 

0.662 

0.737 

1.148 

1.001316 

1.055529 

1.004898 

0.974190 

0.957958 

0.983914 

1.062 

1.160 

0.674 

0.641 

0.721 

1.182 

1.001477 

1.056921 

1.005298 

0.971948 

0.955114 

0.982243 

1.069 

1.181 

0.653 

0.620 

0.704 

1.219 

1.001582 

1.056347 

1.005472 

0.970505 

0.953687 

0.981111 

1.075 

1.198 

0.631 

0.601 

0.685 

1.258 

1.001619 

1.054025 

1.005353 

0.969974 

0.953923 

0.980591 

1.079 

1.209 

0.609 

0.582 

0.665 

1.300 

1.001571 

1.050000 

1.004855 

0.970489 

0.955896 

0.980906 

1.080 

1.213 

0.587 

0.564 

0.642 

1.344 

1.001418 

1.044732 

1 .000669 

0.996915 

0.994896 

0.998045 

1.006 

1.015 

0.786 

0.779 

0.791 

1.018 

1.000208 

1.010360 

1.001294 

0.994057 

0.990251 

0.996188 

1.012 

1.029 

0.772 

0.759 

0.781 

1.036 

1.000399 

1.018224 

1.001867 

0.991444 

0.986036 

0.994400 

1.017 

1.043 

0.7  57 

0.741 

0.771 

1.055 

1.000572 

1.023828 

1 .002378 

0.989094 

0.982515 

0.992748 

1.022 

1.056 

0.743 

0.724 

0.761 

1.075 

1.000723 

1.027763 

1.002814 

0.987029 

0.979491 

0.991261 

1.026 

1.067 

0.728 

0.709 

0.750 

1.095 

1.000850 

1.030289 

1.003162 

0.985272 

0.977128 

0.989959 

1.030 

1.078 

0.714 

0.694 

0.738 

1.116 

1.000948 

1.031565 

1.003405 

0.983848 

0.975322 

0.988877 

1.034 

1.087 

0.699 

0.679 

0.725 

1.138 

1.001015 

1.031761 

1.003524 

0.982788 

0.974311 

0.988034 

1.036 

1.094 

0.684 

0.665 

0.712 

1.161 

1.001044 

1.030943 

1.003497 

0.982122 

0.973988 

0.987459 

1.038 

1.099 

0.669 

0.652 

0.698 

1.184 

1.001031 

1.029189 

1.003297 

0.981887 

0.974332 

0.987220 

1.039 

1.101 

0.655 

0.639 

0.684 

1.209 

1.000969 

1.026707 

1.000476 

0.997902 

0.996668 

0.998556 

1.004 

1.009 

0.789 

0.785 

0.792 

1.013 

1.000146 

1.006220 

1.000916 

0.995950 

0.993723 

0.997171 

1.007 

1.018 

0.778 

0.770 

0.784 

1.027 

1.000280 

1.010991 

1.001315 

0.994151 

0.991043 

0.995860 

1.011 

1.027 

0.767 

0.757 

0.776 

1.041 

1.000399 

1.014569 

1.001666 

0.992516 

0.988625 

0.994650 

1.014 

1.035 

0.756 

0.744 

0.767 

1.056 

1.000503 

1.017  192 

1.001964 

0.991054 

0.986647 

0.993555 

1.017 

1.042 

0.745 

0.732 

0.758 

1.070 

1.000590 

1.018991 

1.002201 

0.989775 

0.985008 

0.992547 

1.019 

1.048 

0.734 

0.721 

0.749 

1.086 

1.000657 

1.019868 

1.002368 

0.988691 

0.983790 

0.991675 

1.021 

1.054 

0.723 

0.709 

0.739 

1.101 

1.000704 

1.020079 

1.002458 

0.987816 

0.982898 

0.990971 

1.023 

1.058 

0.711 

0.699 

0.729 

1.117 

1.000727 

1.019769 

1.002459 

0.987161 

0.982494 

0.990392 

1.024 

1.061 

0.700 

0.688 

0.719 

1.134 

1.000725 

1.018739 

1.002359 

0.986743 

0.982484 

0.990004 

1.025 

1.063 

0.689 

0.678 

0.708 

1.151 

1.000694 

1.017256 

1.000355 

0.998406 

0.997661 

0.998826 

1.003 

1.007 

0.791 

0.788 

0.793 

1.011 

1.000108 

1.004056 

1.000680 

0.996912 

0.995487 

0.997714 

1.005 

1.013 

0.782 

0.777 

0.787 

1.022 

1.000206 

1.007298 

1.000973 

0.995525 

0.993457 

0.996654 

1.008 

1.019 

0.773 

0.766 

0.780 

1.033 

1.000293 

1.009753 

1.001229 

0.994248 

0.991755 

0.995681 

1.010 

1.025 

0.764 

0.756 

0.772 

1.045 

1.000369 

1.011658 

1.001446 

0.993088 

0.990282 

0.994769 

1.012 

1.030 

0.755 

0.746 

0.765 

1.056 

1.000432 

1.012905 

1.001618 

0.992049 

0.989036 

0.993914 

1.014 

1.034 

0.746 

0.737 

0.757 

1.068 

1.000481 

1.013504 

1.001742 

0.991140 

0.988011 

0.993185 

1.015 

1.038 

0.737 

0.728 

0.749 

1.080 

1.000516 

1.013816 

1.001811 

0.990365 

0.987295 

0.992513 

1.017 

1.041 

0.728 

0.719 

0.741 

1.093 

1.000534 

1.013508 

1.001821 

0.989732 

0.986880 

0.991976 

1.018 

1.044 

0.719 

0.710 

0.732 

1.106 

1.000536 

1.012944 

1.001765 

0.989249 

0.986673 

0.991529 

1.018 

1.045 

0.709 

0.702 

0.724 

1.119 

1.000519 

1.011910 
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TABLE  4.1.  VII 


Mass 

Area 

Hass 

Htra. 

Mtm. 

Energy 

Mach 

Mach 

Mach 

Velocity 

Static  p 

Static  p 

We  igh Led 

Weighted 

Derived 

Mixed 

Flux 

Flux 

Uurabec 

Number 

Number 

Ratio 

Ratio 

Ratio 

Coef  f 

Coeff 

Mass 

Mtm. 

Entropy 

Max/ 

Entropy/ 

Mixed/ 

Derived 

Mixed 

Flux 

Mean 

Wall" 

Wall 

1.0U2735 

0.980522 

0.961634 

0.989729 

1.038 

1.085 

0.953 

0.818 

0.986 

1.054 

1.000942 

1.188815 

1.UU5622 

0.962025 

0.927292 

0.977762 

1.078 

1.180 

0.904 

0.749 

0.970 

1.114 

1.001910 

1.234834 

1 .01)8642 

0.944729 

0.897061 

0.965555 

1.120 

1.286 

0.855 

0.696 

0.952 

1.182 

1.002893 

1.254855 

1.011753 

0.928928 

0.871403 

0.953711 

1.164 

1.403 

0.804 

0.651 

0.931 

1.258 

1.003868 

1.260018 

1.014871 

0.915020 

0.850636 

0.942834 

1.209 

1.532 

0.753 

0.611 

0.907 

1.344 

1.004800 

1.254994 

1.017841 

0.903553 

0.835311 

0.933566 

1.254 

1.670 

0.701 

0.573 

0.878 

1.443 

1.005632 

1.242058 

1.020368 

0.895310 

0.826341 

0.926657 

1.297 

1.814 

0.648 

0.537 

0.844 

1.556 

1.006269 

1.222239 

1.021902 

0.891446 

0.825104 

0.923319 

1.336 

1.953 

0.594 

0.501 

0.803 

1.689 

1.006550 

1.196624 

1.021383 

0.893732 

0.833685 

0.925261 

1.364 

2.064 

0.539 

0.465 

0.750 

1.845 

1.006205 

1.165663 

1.016681 

0.905028 

0.855472 

0.935198 

1.370 

2.101 

0.483 

0.429 

0.681 

2.030 

1.004752 

1 . 1 29  568 

1.002141 

0.992717 

0.985873  • 

0.995125 

1.013 

1.030 

0.974 

0.894 

0.986 

1.027 

1.000710 

1.103640 

1.004219 

0.985942 

0.973146 

0.990219 

1.025 

1.060 

0.948 

0.852 

0.971 

1.055 

1.001381 

1.128874 

1 .006200 

0.979738 

0.961751 

0.985568 

1.036 

1.089 

0.921 

0.821 

0.955 

1.085 

1.002004 

1.140349 

1.008036 

0.974176 

0.952061 

0.981337 

1.048 

1.118 

0.895 

0.794 

0.937 

1.116 

1.002562 

1.144515 

1. 009671 

0.969344 

0.944022 

0.977638 

1.058 

1.145 

0.868 

0.770 

0.918 

1.150 

1.003040 

1.143725 

1.011026 

0.965340 

0.937780 

0.974568 

1.067 

1.170 

0.841 

0.748 

0.898 

1.185 

1.003416 

1.139103 

1.012001 

0.962286 

0.933473 

0.972277 

1.075 

1.192 

0.813 

0.727 

0.876 

1.222 

1.003663 

1.131538 

1.012464 

0.960326 

0.931322 

0.970942 

1.081 

1.209 

0.785 

0.707 

0.852 

1.261 

1.003750 

1.121659 

1.012239 

0.959633 

0.931619 

0.970669 

1.084 

1.221 

0.757 

0.688 

0.825 

1.303 

i.oq'?637 

1.109450 

1.011091 

0.960422 

0.934547 

0.971740 

1.085 

1.224 

0.728 

0.670 

0.796 

1.347 

1.00)0273 

1.095525 

1.001485 

0.995975 

0.992412 

0.996997 

1.007 

1.016 

0.982 

0.924 

0.988 

1.018 

1.000481 

1.072315 

1.002887 

0.992244 

0.985426 

0.994069 

1.013 

1.031 

0.964 

0.894 

0.976 

1.037 

1.000925 

1.089656 

1.004185 

0.988830 

0.979222 

0.991349 

1.019 

1.046 

0.945 

0.871 

0.963 

1.056 

1.001328 

1.097758 

1.005355 

0.985761 

0.973886 

0.988892 

1.024 

1.060 

0.927 

0.852 

0.949 

1.076 

1.001681 

1.100911 

1.006367 

0.983070 

0.969400 

0.986728 

1.029 

1.072 

0.908 

0.834 

0.935 

1.096 

1.001978 

1.100687 

1.007186 

0.980790 

0.965747 

0.984894 

1.033 

1.0S3 

0.889 

0.819 

0.919 

1,118 

1.002209 

1.097947 

1.0U7770 

0.978961 

0.963110 

0.983465 

1.037 

1.093 

0.870 

0.804 

0.903 

1.140 

1.002364 

1.093441 

1.008069 

0.977628 

0.961566 

0.982459 

1.040 

1.100 

0.851 

0.790 

0.886 

1.162 

1.002432 

1.087291 

1.008023 

0.976841 

0.960993 

0.981946 

1.041 

1.105 

0.832 

0.777 

0.868 

1.186 

1.002400 

1.079872 

1.007558 

0.976656 

0.961751 

0.981977 

1.042 

1.107 

0.813 

0.764 

0.849 

1.210 

1.002251 

1.071308 

1.001071 

0.997322 

0.995119 

0.997871 

1.004 

1.010 

0.986 

0.941 

0.990 

1.014 

1.000341 

1.055948 

1.002069 

0.994834 

0.990509 

0.995830 

1.008 

1.020 

0.972 

0.917 

0.980 

1.027 

1.000653 

1.069438 

1.0  029  80 

0.992547 

0.986467 

0.993927 

1.012 

1.029 

0.958 

0.899 

0.969 

1.042 

1.000933 

1.075684 

1.003790 

0.990476 

0.982982 

0.992203 

1.015 

1.038 

0.943 

0.883 

0.958 

1.056 

1.001176 

1.078236 

1.004483 

0.988635 

0.979937 

0.990660 

1.018 

1.045 

0.929 

0.870 

0.946 

1.071 

1.001380 

1.078165 

1.005041 

0.987041 

0.977538 

0.989347 

1.021 

1.052 

0.915 

0.857 

0.934 

1.087 

1.001539 

1.076447 

1.005441 

0.985711 

0.975667 

0.988255 

1.023 

1.058 

0.900 

0.846 

0.921 

1.102 

1.001649 

1.073202 

1.005660 

0.984664 

0.974317 

0.987415 

1.025 

1.062 

0.885 

0.835 

0.908 

1.119 

1.001703 

1.068800 

1.0<I5669 

0.983922 

0.973683 

0.986843 

1.026 

1.066 

0.871 

0.825 

0.894 

1.135 

1.001696 

1.063366 

1.005435 

0.983508 

0.973751 

0.986577 

1.027 

1.067 

0.856 

0.815 

0.880 

1.152 

1.001621 

1.057147 

1.000806 

0.998009 

0.996440 

0.998358 

1.003 

1.007 

0.989 

0.951 

0.991 

1.011 

1.000253 

1.046074 

1.001549 

0.996150 

0.993216 

0.996787 

1.006 

1.014 

0.977 

0.931 

0.982 

1.022 

1.000483 

1.057186 

1.002223 

0.994430 

0.990292 

0.995319 

1.009 

1.021 

0.965 

0.916 

0.973 

1.033 

1.000689 

1.062400 

1.002818 

0.992858 

0.987665 

0.993982 

1.011 

1.027 

0.954 

0.903 

0.964 

1.045 

1.000867 

1.064658 

1.003324 

0.991441 

0.985439 

0.992762 

1.013 

1.032 

0.942 

0.892 

0.954 

1.057 

1.001016 

1.064660 

1.003731 

0.990189 

0.983503 

0.991689 

1.015 

1.037 

0.930 

0.881 

0.944 

1.069 

1.001132 

1.063253 

L 004024 

0.989110 

0.982063 

0.990780 

1.017 

1.041 

0.918 

0.872 

0.934 

1.081 

1.001214 

1.060802 

1.004192 

0.988215 

0.981009 

0.990037 

1.018 

1.045 

0.906 

0.863 

0.923 

1.094 

1.001258 

1.057429 

1.004218 

0.987516 

0.980334 

0.989470 

1.019 

1.047 

0.895 

0.854 

0.912 

1.107 

1.001260 

1.053256 

1,004085 

0.987023 

0.980033 

0.989092 

1.020 

1.049 

0.882 

0.846 

0.900 

1.120 

1.001217 

1.048408 

1.017654 

0.966208 

0.905738 

0.703107* 

1.050 

1.109 

1.910 

0.577  * 

1.968 

1.063 

1.008913 

4.217080* 

1.037587 

0.933426 

0.821867 

0.686698* 

1.105 

1.234 

1.817 

0.576* 

1.932 

1.133 

1.018372 

3.934246* 

1.060167 

0.901930 

0.748144 

0.672067* 

1.163 

1.378 

1.720 

0.575* 

1.892 

1.212 

1.028318 

3.651828  • 

1.085770 

0.872101 

0.684559 

0.659739  * 

1.226 

1.543 

1.619 

0.575* 

1.844 

1.302 

1.038610 

3.368920* 

1.114682 

0.844489 

0.631521 

0.650626* 

1.292 

1.730 

1.514 

0.574* 

1.789 

1.403 

1.048951 

3.086515  * 

1.146837 

0.819910 

0.589914 

0.645995* 

1.359 

1.936 

1.403 

0.572* 

1.724 

1.519 

1.058773 

2.803736* 

1.181079 

0.799624 

0.561376 

0.648020* 

1.424 

2.153 

1.288 

0.571  * 

1.645 

1.650 

1.066994 

2.521032* 

1.213058 

0.785681 

0.549486 

0.660408* 

1.479 

2.357 

1.166 

0.569* 

1.548 

1.798 

1.071  563 

2.2381  25* 

1.228659 

0.781616 

0.561519 

0.690216* 

1.510 

2.494 

1.037 

0.567* 

1.425 

1.959 

1.068533 

1.955366* 

1.180663 

0.794006 

0.614363 

0.752268  1 

1.486 

2.442 

0.902 

0.564 

1.260 

2.121 

1.050109 

1.672560 

1.016259 

0.988895 

0.959183 

0.720552  *  i 

1.022 

1.048 

1.944 

0.582  * 

1.966 

1.034 

1.007364 

4.284519  * 

1.03321 1 

0.978467 

0.921963 

0.721485* 

1.044 

1.098 

1.887 

0.587* 

1.930 

1.069 

1.014537 

4.068770* 

1.050706 

0.968802 

0.888797 

0.723879  * 

1.066 

1.148 

1.828 

0.592* 

1.891 

1.106 

1.021384 

3.852272* 

1.068477 

0.959998 

0.859805 

0.728053  * 

1.086 

1.197 

1.768 

0.599* 

1.849 

1.145 

1.027732 

3.635478* 

1.086060 

0.952165 

0.835265 

0.734368  * 

1.105 

1.244 

1.706 

0.606* 

1.803 

1.184 

1.033350 

3.418096* 

1.102672 

0.945425 

0.815849 

0.743298  * 

1.122 

1.287 

1.643 

0.614* 

1.753 

1.226 

1.037936 

3.200010* 

1.117009 

0.939907 

0.802037 

0.755440* 

1.135 

1.323 

1.578 

0.624  * 

1.699 

1.267 

1.041093 

2.980620* 

1.126892 

0.935733 

0.794769 

0.771620* 

1.144 

1.349 

1.511 

0.636* 

1.639 

1.310 

1.042296 

2.759688* 

L. 128637 

0.932999 

0.795493 

0.792980  * 

1.147 

1.359 

1.443 

0.650* 

1.573 

1.351 

1.040854 

2.537054* 

1.115913 

0.931716 

0.806058 

0.821027  * 

1.141 

1.348 

1.372 

0.667* 

1.498 

1.391 

1.035851 

2.311456* 

1.012524 

0.994608 

0.975955 

0.724660* 

1.013 

1.029 

1.958 

0.582* 

1.970 

1.023 

1.005305 

4.328629* 

1.025101 

0.989615 

0.953844 

0.729402  * 

1.026 

1.058 

1.916 

0.587* 

1.939 

1.046 

1.010321 

4.156982* 

1.037557 

0.985044 

0.934119 

0.735248  * 

1.038 

1.085 

1.872 

0.592* 

1.907 

1.070 

1.014965 

3.985297* 

1.049644 

0.980921 

0.916890 

0.742299  * 

1.049 

1.  Ill 

1.828 

0.598* 

1.872 

1.094 

1.019138 

3.812527* 

1.061011 

0.977267 

0.902279 

0.750788  * 

1.059 

1.134 

1.783 

0.605* 

1.836 

1.119 

1.022720 

3.639427* 

1.071161 

0.974097 

0.890564 

0.760919  * 

1.068 

1.155 

1.738 

0.612* 

1.797 

1.144 

1.025568 

3.465544* 

1.079J91 

0.971417 

0.881914 

0.772973  • 

1.075 

1.171 

1.691 

0.621* 

1.756 

1.168 

1.027509 

3.290925* 

1.084700 

0.969216 

0.876924 

0.787255  * 

1.079 

1.182 

1.643 

0.630* 

1.712 

1.192 

1.028 338 

3.114998* 

1.085655 

0.967455 

0.875847 

0.804209  * 

1.080 

1.187 

1.595 

0.641* 

1.665 

1.216 

1.027805 

2.938061* 

1.080187 

0.966053 

0.879393 

0.824281  * 

1.079 

1.184 

1.545 

0.654* 

1.615 

1.239 

1.025615 

2.758940* 

1.009754 

0.996815 

0.983669 

0.725885  * 

1.009 

1.020 

1.966 

0.582* 

1.974 

1.017 

1.003938 

4.357598* 

1.019332 

0.993876 

0.968615 

0.731653  * 

1.018 

1.039 

1.932 

0.586* 

1.948 

1.035 

1.007606 

4.215424* 

1.028592 

0.991 188 

0.955318 

0.738221  • 

1.026 

1.057 

1.897 

0.591  * 

1.920 

1.052 

1.010953 

4.072704* 

1.037351 

0.988756 

0.943485 

0.745695  *  1 

1.033 

1.074 

1.862 

0.596* 

1.891 

1.070 

1.013919 

3.929611* 

1.045368 

0.98b580 

0.933410 

0.754169  *  1 

1.040 

1.089 

1.827 

0.602* 

1.861 

1.087 

1.016435 

3.785895* 

1.052327 

0.984655 

0.925247 

0.763785  *  1 

1.045 

1.101 

1.790 

0.608* 

1.829 

1.105 

1.018423 

3.641769* 

1.057818 

0.982968 

0.919027 

0.774682  *  1 

1.050 

1.111 

1.754 

0.614* 

1.796 

1.122 

1.019  792 

3.497059* 

1.061300 

0.981496 

0.915202 

0.787028  * 

1.052 

1.118 

1.716 

0.622* 

1.761 

1.139 

1.020439 

3.351650* 

1.062060 

0.980202 

0.913703 

0.801003  *  1 

1.054 

1.122 

1.678 

0.630* 

1.725 

1.156 

1.020246 

3.205131* 

1.0591 53 

0.979027 

0.915026 

0.816879  * 

1.053 

1.121 

1.640 

0.639* 

1.686 

1.172 

1.019076 

3.057889* 

1.007780 

0.997859 

0.987999 

0.726208  *  1 

1.007 

1.015 

1.972 

0.581* 

1.977 

1.014 

1.003028 

4.378338* 

1.015306 

0.995878 

0.976803 

0.732099  •  1 

1.013 

1.029 

1.943 

0.585* 

1.954 

1.028 

1.005823 

4.256143* 

1.0224b8 

0.99*05b 

0.966908 

0.738658  * 

1.019 

1.042 

1.914 

0.589* 

1.930 

1.041 

1.000352 

4.134448* 

1.029131 

0.992391 

0.958167 

0.745879  *  1 

1.025 

1.054 

1.884 

0.594* 

1.905 

1.055 

1.010576 

4.011984* 

1.035128 

0.990877 

0.950591 

0.753838  * 

1.029 

1.064 

1.855 

0.599* 

1.879 

1.069 

1.012453 

3.888890* 

1.0-.02*8 

0. 98950b 

0.9*4*80 

0.762646  * 

1.033 

1.073 

1.825 

0.604* 

1.853 

1.083 

1.0139 34 

3.765724* 

1.044230 

0.9882b« 

0.939710 

0.772377  * 

1.036 

1.081 

1.794 

0.609* 

1.825 

1.096 

1.014966 

3.642194* 

1.04b7*9 

0.987132 

0.93b*5* 

0.783119  * 

1.039 

1.086 

1.763 

0.615* 

1.796 

1.109 

1.015489 

3.518056* 

1.0*7395 

0.986080 

0.93*889 

0.795001  *  1 

1.040 

1.088 

1.732 

0.622* 

1.766 

1.122 

1.015437 

3.393493* 

1.0*5651 

0.985071 

0.9350bb 

0.808124  * 

1.040 

1.088 

1.700 

0.629* 

1.735 

1.135 

1.014736 

3.267963* 

TWO 
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TABLE  4.1. VIII 


Mas  . 

Weighted 

Area 

Weighted 

Mass 

Derived 

Htm. 

Mixed 

Mtm. 

Flux 

Coeff 

Energy 

Flux 

Coeff 

Mach 

Nuraber 

Mass 

Mach 

Nuraber 

Mtra. 

Mach 

Nuraber 

Entropy 

Velocity 

Ratio 

Max/ 

Static  p 
Ratio 
Entropy/ 

Static  p 
Ratio 
Mixed/ 

1.033314 

0.964572 

0.863494 

0.321270* 

1.070 

1.149 

Derived 

2.866 

Mixed 

0.477* 

Flux 

2.947 

Hean 

1.079 

Wall 

1.024555 

Wall 

9.554028* 

1.072909 

0.930476 

0.743979 

0.  315246  * 

1.149 

1.330 

2.726 

0.479* 

2.887 

1.170 

1.051635 

8.774866* 

1. 120620 

0.898096 

0.640565 

0.310656* 

1.237 

1.550 

2.579 

0.481  « 

2.818 

1.274 

1.081 395 

7.996482* 

1.176987 

0.867972 

0.552388 

0.308041  * 

1.336 

1.818 

2.425 

0.484* 

2.7  38 

1.396 

1.113810 

7.216672* 

1.251536 

0.840877 

0.478871 

0.308354* 

1.444 

2.141 

2.261 

0.488* 

2.645 

1.536 

1.148443 

6.437661* 

1.343033 

0.817926 

0.420071 

0.313132* 

1.561 

2.523 

2.087 

0.493* 

2.534 

1.699 

1.183933 

5.657397* 

1.459078 

0.800710 

0.377148 

0.32  5296* 

1.678 

2.950 

1.900 

0.499* 

2.399 

1.882 

1.216910 

4.877112* 

1.601668 

0.791227 

0.353655 

0.350762* 

1.779 

3.357 

1.698 

0.508* 

2.231 

2.080 

1.239530 

4.095609* 

1.740708 

0.790080 

0.360183 

0.403594* 

1.819 

3.566 

1.478 

0.521* 

2.014 

2.262 

1.233895 

3.312287* 

1.610868 

0.780875 

0.432256 

0. 525329 

1.702 

3.167 

1.235 

0.543 

1.717 

2.343 

1.159570 

2.525691 

1.035650 

0.991634 

0.930505 

0.332107* 

1.040 

1.084 

2.907 

0.479* 

2.940 

1.049 

1.022232 

9.738459* 

1.075324 

0.984584 

0.867634 

0. 337340  • 

1.081 

1.175 

2.811 

0.483* 

2.875 

1.101 

1.044742 

9.143965* 

1.1  19455 

0.979020 

0.811627 

0.344410* 

1.123 

1.270 

2.711 

0.487* 

2.805 

1.156 

1.067144 

8.548763* 

1.168353 

0.975107 

0.762626 

0.353848  * 

1.163 

1.369 

2.609 

0.492* 

2.729 

1.213 

1.088862 

7.953056* 

1.221983 

0.972974 

0.720962 

0.366386  * 

1.202 

1.467 

2.503 

0.498* 

2.647 

1.271 

1.109042 

7.356524* 

1.279466 

0.972626 

0.687527 

0.383080  * 

1.237 

1.559 

2.392 

0.506* 

2.556 

1.330 

1.126437 

6.758610* 

1.337962 

0.973765 

0.663235 

0.405520* 

1.265 

1.636 

2.277 

0.514* 

2.456 

1.387 

1.139  2  36 

6.159431* 

1.390092 

0.975360 

0.650312 

0.436149  # 

1.282 

1.686 

2.157 

0.525* 

2.346 

1.438 

1.144827 

5.558064* 

1.417665 

0.974627 

0.652128 

0.478929  * 

1.282 

1.690 

2.031 

0  .  539* 

2.221 

1.479 

1.139475 

4.9  5  3  391* 

1.375362 

0.964421 

0.674862 

0.540689  * 

1.256 

1.626 

1.899 

0.557* 

2.080 

1.501 

1.117  913 

4.344530* 

1.030278 

0.998197 

0.955096 

0.334739  * 

1.027 

1.057 

2.926 

0.479* 

2.945 

1.035 

1.017028 

9.849003* 

1.062662 

0.997248 

0.914293 

0.342446  * 

1.054 

1.114 

2.851 

0.482* 

2.888 

1.070 

1.033661 

9.364946* 

1.097069 

0.997178 

0.877742 

0.351734  « 

1.080 

1.172 

2.773 

0.486* 

2.827 

1.107 

1.049587 

8.880632* 

1.133209 

0.997971 

0.845659 

0  .  36  29  4  4  * 

1.104 

1.228 

2.694 

0.491  • 

2.762 

1.143 

1.064399 

8.394918* 

1.170427 

0.999545 

0.818319 

0.376568  « 

1.127 

1.280 

2.612 

0.496* 

2.694 

1.179 

1.077568 

7.909407* 

1.207421 

1.001687 

0.796329 

0.393204  * 

1.146 

1.326 

2.528 

0. 502  • 

2.620 

1.214 

1.088414 

7.422515* 

1.241740 

1.003959 

0.780301 

0.413707  * 

1.160 

1.362 

2.442 

0.508* 

2.542 

1.246 

1.096058 

6.934618* 

1.268860 

1.005515 

0.771422 

0.439253  * 

1.168 

1.383 

2.353 

0.516* 

2.458 

1.275 

1.099381 

6.445613* 

1.280427 

1.004757 

0.770981 

0.471515  * 

1.168 

1.385 

2.260 

0.525* 

2.367 

1.298 

1.096959 

5.955150* 

1.260810 

0.998692 

0.781436 

0.512908  * 

1.157 

1.360 

2.165 

0.537* 

2.269 

1.313 

1.087000 

5.461719* 

1.025350 

1.000428 

0.967766 

0.335459  * 

1.020 

1.042 

2.938 

0.478* 

2.951 

1.027 

1.013240 

9.922146* 

1.051741 

1.001383 

0.938480 

0.343696  * 

1.039 

1.083 

2.875 

0.481  • 

2.900 

1.053 

1.025914 

9.512383* 

1.078945 

1.002836 

0.912104 

0.353205  * 

1.058 

1.122 

2.811 

0.485* 

2.847 

1.080 

1.037799 

9.100485* 

1.106561 

1.004719 

0.888806 

0.364275  * 

1.075 

1. 160 

2.745 

0.489* 

2.791 

1.106 

1.048622 

8.689625* 

1,133921 

1.006906 

0.869182 

0.377180  * 

1.090 

1. 194 

2.678 

0.493* 

2.733 

1.132 

1.058049 

8.277534* 

1.159938 

1.009180 

0.853215 

0.392318  • 

1.102 

1.223 

2.610 

0.498* 

2.671 

1.156 

1.065674 

7.864786* 

1.182867 

1.011181 

0.841361 

0.410203  * 

1.112 

1.245 

2.540 

0.503* 

2.607 

1.179 

1.071008 

7.451947* 

1.199912 

1.012325 

0.834439 

0.431460  * 

1.117 

1.258 

2.468 

0.509* 

2.538 

1.199 

1.073459 

7.037435* 

1.206571 

1.011661 

0.833160 

0.456992  * 

1.118 

1.260 

2.394 

0.516* 

2.466 

1.215 

1.072317 

6.622848* 

1.195523 

1.007649 

0.838601 

0.487935  * 

1.112 

1.248 

2.318 

0.524* 

2.389 

1.227 

1.066737 

6.206426* 

1.021407 

1.001257 

0.975351 

0.335544  * 

1.016 

1.032 

2.947 

0.478* 

2.956 

1.021 

1.010563 

9.974936* 

1.043258 

1.002833 

0.9528  50 

0.343682  • 

1.030 

1.063 

2.892 

0.481  * 

2.911 

1.043 

1.020544 

9.617453* 

1.065300 

1.004681 

0.932627 

0  .  352892  * 

1.044 

1.093 

2.837 

0.484* 

2.864 

1.064 

1.029  7  8  3 

9.260015* 

1.087148 

1.006722 

0.914859 

0.363325  • 

1.057 

1.120 

2.781 

0.487* 

2.815 

1.084 

1.038089 

8.901039* 

1.108230 

1.008835 

0.899612 

0.375222  * 

1.068 

1.145 

2.724 

0.491  • 

2.764 

1.104 

1.045242 

8.542637* 

1. 127700 

1.010834 

0.887256 

0.388823  * 

1.077 

1.166 

2.665 

0.495* 

2.711 

1.122 

1.050981 

8.183353* 

1.144313 

1.012445 

0.878069 

0.404455  * 

1.084 

1.181 

2.606 

0.499* 

2.655 

1.139 

1.055001 

7.823589* 

1.156235 

1.0  1  32  58 

0.872256 

0.422530  * 

1.088 

1.191 

2.545 

0.504* 

2.597 

1.155 

1.056949 

7.463738* 

1.160745 

1.012666 

0.870631 

0.443539  * 

1.089 

1.193 

2.483 

0.509* 

2.537 

1.167 

1.056415 

7.102749* 

1.153788 

1.009765 

0.873463 

0.468136  « 

1.086 

1.186 

2.420 

0.515* 

2.473 

1.177 

1.0  5  29  2  4 

6.740527* 

1.042245 

0.963590 

0.832484 

0.  135607* 

1.092 

1.195 

3.819 

0.437* 

3.923 

1.098 

1.042973 

16.993690* 

1.094062 

0.929069 

0.688466 

0.133011* 

1.199 

1.446 

3.629 

0.438* 

3.835 

1.215 

1.092127 

15.488941  * 

1.158976 

0.897078 

0.565994 

0.131177* 

1.324 

1.770 

3.429 

0.441* 

3.735 

1.354 

1.148492 

13.982571  * 

1.242386 

0.868576 

0.463461 

0.  130464* 

1.471 

2.195 

3.217 

0.443* 

3.619 

1.520 

1.213057 

12.476664  * 

1.352911 

0.845048 

0.379250 

0.131469* 

1.643 

2.752 

2.992 

0.447* 

3.482 

1.721 

1.286359 

10.  970171  * 

1.504899 

0.828877 

0.3  1  2348 

0.135296* 

1.840 

3.474 

2.750 

0.451* 

3.319 

1.962 

1.367404 

9.462797  * 

1.723027 

0.823994 

0.262568 

0.144214* 

2.053 

4.366 

2.486 

0.458* 

3.119 

2.244 

1.450792 

7.954949  • 

2.048014 

0.836632 

0.232213 

0,163596* 

2.249 

5.303 

2.196 

0.467* 

2.869 

2.549 

1.519032 

6.445982  * 

2.5U6873 

0.871586 

0.231478 

0.209337* 

2.324 

5.754 

1.870 

0.483* 

2.539 

2.790 

1.521899 

4.932734  * 

2.356515 

0.848838 

0.312375 

0.350190 

2.006 

4.362 

1.495 

0.514 

2.075 

2.680 

1.326781 

3.411458 

1.05U816 

0.993922 

0.903237 

0.141017* 

1.062 

1.131 

3.864 

0.437* 

3.908 

1.069 

1.041988 

17.302673* 

1.110146 

0.990354 

0.816517 

0.144226* 

1.129 

1.279 

3.722 

0.440* 

3.810 

1.145 

1.086280 

16.104900* 

1.179981 

0.989821 

0.7  39  8  7  7 

0.148693* 

1.199 

1.446 

3.576 

0.444* 

3.702 

1.226 

1.132376 

14.906525* 

1.262785 

0.992960 

0.673223 

0.  154875* 

1.271 

1.630 

3.423 

0.448* 

3.586 

1.313 

1.179312 

13.707855* 

1.361431 

1.000492 

0.616746 

0.163471  * 

1.344 

1.826 

3.264 

0.453* 

3.458 

1.405 

1.225371 

12.509647  * 

1.478704 

1.013104 

0.571030 

0. 175574* 

1.412 

2.022 

3.097 

0.458* 

3.317 

1.497 

1.267628 

U.  308714  * 

1.615365 

1.031012 

0.537531 

0.193046* 

1.469 

2.19  5 

2.922 

0.466* 

3.161 

1.584 

1.301234 

10.106014* 

1.763353 

1.052532 

0.519044 

0.219226* 

1.503 

2.307 

2,736 

0.475* 

2.985 

1.656 

1.318343 

8.901203* 

1.881414 

1.069270 

0.521704 

0.260636* 

1.497 

2.296 

2.538 

0.487* 

2.786 

1.696 

1.306586 

7.693506* 

1.798805 

1.048322 

0.558988 

0.331476* 

1.425 

2.085 

2.325 

0.505* 

2.556 

1.675 

1.247350 

6.479356* 

1.046637 

1.001936 

0.932815 

0.142579* 

1.046 

1.095 

3.887 

0.437* 

3.914 

1.052 

1.033853 

17.492897* 

1.099137 

1.005835 

0.871838 

0.147349  * 

1.093 

1.197 

3.771 

0.440* 

3.823 

1.106 

1.068156 

16.485664  * 

1.158292 

1.011936 

0.817563 

0.153325* 

1.140 

1.304 

3.652 

0.443* 

3.727 

1.162 

1.102294 

15.477598  * 

1.224814 

1.020451 

0.769942 

0.160875  • 

1.186 

1.413 

3.529 

0.447* 

3.624 

1.219 

1.135363 

14,469791  * 

1.299055 

1.031492 

0.729486 

0,170518* 

1.229 

1.521 

3.401 

0.451* 

3.514 

1.276 

1.166058 

13.462040* 

1.380364 

1.044908 

0.696782 

0.183005* 

1.267 

1.619 

3.269 

0.4  56* 

3.396 

1.330 

1.192515 

12.452103* 

1.465577 

1.059916 

0.673044 

0.199492* 

1.297 

1.698 

3.131 

0.461* 

3.269 

1.378 

1.212114 

11.441053* 

1.545419 

1.074252 

0.660062 

0.221808* 

1.313 

1.743 

2.988 

0.468* 

3.132 

1.416 

1.221220 

10.429  316* 

1.595522 

1.082150 

0.661092 

0.252963* 

1.309 

1.736 

2.838 

0.476* 

2.982 

1.437 

1.214894 

9.415260* 

1.552548 

1.069200 

0.681908 

0.298267  • 

1.277 

1.654 

2.680 

0.487* 

2.818 

1.433 

1.186610 

8,398270* 

1.041384 

1.004716 

0.949314 

0.143128  * 

1.036 

1.073 

3.903 

0.437* 

3.921 

1.041 

1.027377 

17.624466* 

1.08671b 

1.010859 

0.903127 

0.148362* 

1.071 

1.149 

3.803 

0.440* 

3.839 

1.083 

1.054441 

16.749393* 

1. 136201 

1.018498 

0.861774 

0.  154  664  * 

1.105 

1.225 

3.701 

0.442* 

3.753 

1.125 

1.080676 

15.873711  * 

1,  189816 

1.027639 

0.825501 

0.  162313* 

1.138 

1.300 

3.597 

0.445* 

3.662 

1.166 

1.105389 

14.998121  * 

1.247073 

1.038152 

0.794643 

0.  171678  * 

1.168 

1.371 

3.489 

0.449* 

3.566 

1.206 

1.127669 

14.  120632* 

1.306540 

1.049652 

0.769673 

0.  183293  « 

1.194 

1.433 

3.378 

0.453* 

3.465 

1.244 

1.146314 

13.243696* 

1.364924 

1.061256 

0.7  51600 

0.  197895  * 

1.213 

1.481 

3.263 

0.4  57* 

3.357 

1.276 

1.159768 

12.365870* 

1.415203 

1.071119 

0.741444 

0.216575* 

1.224 

1.508 

3.144 

0.462* 

3.243 

1.302 

1.166027 

11.487455  * 

1.442756 

1.075500 

0.741205 

0.240966  * 

1.222 

1.505 

3.021 

0.469* 

3.121 

1.317 

1.162558 

10.607002* 

1.416932 

1.06679b 

0.753938 

0.273647  * 

1.204 

1.463 

2.894 

0.476* 

2.990 

1.318 

1.146214 

9.724970* 

1.U36608 

1.005680 

0.959741 

0.143294  « 

1.029 

1.059 

3.914 

0.437* 

3.928 

1.033 

1.022547 

17.722401  * 

1.075867 

1.012377 

0.923081 

O.U8596  * 

1.057 

1. 118 

3.827 

0.439* 

3.853 

1.067 

1.044464 

16.944542* 

1.117698 

1.020074 

0.890172 

0.  154  8  28  * 

1.083 

1.176 

3.737 

0.442* 

3.775 

1.100 

1.065343 

16.166805* 

1. 161783 

1.028o82 

0.861322 

0.162205* 

1. 109 

1.232 

3.645 

0.444* 

3.694 

1.133 

1.084663 

15. 389608* 

1.207380 

1,037990 

0.836671 

0.171002  « 

1.131 

1.283 

3.551 

0.447* 

3.609 

1.163 

1.101774 

14.611975* 

1 .25JOOO 

1.047575 

0.816801 

0.  181588  * 

1.150 

1.327 

3.455 

0.451* 

3.520 

1.191 

1.115862 

13.833202* 

1.295839 

1.05&651 

0.802204 

0.  194466  « 

1.164 

1.361 

3.356 

0.4  54* 

3.426 

1.216 

1.125922 

13.052874  * 

1.330753 

1.063804 

0.793804 

0.210349  « 

1.172 

1.380 

3.254 

0.4  59* 

3.328 

1.235 

1.  130718 

12.273224* 

1.348343 

1.066507 

0.792840 

0.230226  « 

1.171 

1.379 

3.149 

0.463* 

3.224 

1.247 

1.128752 

11.492859* 

1.331295 

1.060223 

0.801040 

0.255543  * 

1.160 

1.354 

3.041 

0.469* 

3.114 

1.250 

1.  118235 

10.710943* 

TWO-DIMENSIONAL 
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4.1.5  The  calculations  in  the  tables  have  been  done  assuming  that  the  flow  is  fully-measured.  In  practice,  many 
experiments  are  done  in  which  the  boundary  layers  are  not  traversed;  the  stagnation  pressure  is  measured  by  a  rake 
covering  the  free  stream  only.  The  total  mass  flow  may  be  measured  independently  by  a  calibrated  airmeter, 
however,  and  this  extra  information  can  be  used  to  estimate  a  corrected  mean  stagnation  pressure  as  follows: 

Assume  the  flow  in  the  duct  is  one  of  the  family  of  ideal  flows  tabulated.  Then  the  third  column  gives 

Pti  mass-derived  stagnation  pressure 
Pt  entropy-derived  stagnation  pressure 


The  seventh  column  gives  Mj  =  mass-derived  Mach  number  from  which  (Ptl /Ps)  follows.  The  free-stream  Mach 
number  M0  gives 

Ptmax  mainstream  stagnation  pressure 

Ps  uniform  static  pressure 

Hence  the  ratio 

/  Pt  \ 

I - )  can  be  found  as  a  function  of 

'  Ptmax' 


Over  the  range  of  Mach  numbers  up  to  0.8,  and  assuming  boundary  layers  5  up  to  half  the  duct  radius  or  width, 
and  of  profile  exponent  n  between  j  and  5- ,  both  these  ratios  are  quite  near  unity  and  to  within  about  1% 


Pt 

p 

rtmax 


where  the  constant  K  is  1 .4. 


This  relationship  can  also  be  derived  analytically  if  approximations  are  made.  For  the  two-dimensional  case 


K  =  1  +  3n 


and  for  the  axisymmetric  case 

3n5 

K  =  1  +  3n  + - (1  +2n) 

8R0 


both  results  being  independent  of  y  and  M0  ■ 

So  it  is  possible  to  estimate  a  corrected  mean  stagnation  pressure  Pt  from  the  free  stream  stagnation  pressure 
Ptmax  anc*  the  mass-derived  stagnation  pressure  Ptl  . 

4.1.6  For  purposes  of  comparison  the  method  of  Pianko  (3.2)  has  been  applied  to  a  selection  of  the  power  law 
profiles.  Note  that  necessarily  there  is  an  average  quantity  for  each  different  system,  e.g.  compressor  or  turbine, 
combustion  chamber,  re-heat  duct  or  jet  nozzle  and  therefore  space  would  not  permit  the  presentation  of  every 
example  given  in  the  previous  tables.  The  tables  which  follow  give  the  results  and  include  in  the  first  column  as  before 
the  ratio  of  the  Pianko  (3.2)  mean  to  the  Livesey  (Entropy  Flux  Mean)  mean  total  pressure.  It  is  evident  from  (3.2) 
that  the  re-heat  duct  will,  with  the  method  of  (3.2),  give  the  same  results  as  the  Mixed  Mean  and  this  is  confirmed 
closely  by  comparison  of  the  two  sets  of  tables.  Note  that  the  confirmation  is  not  absolutely  precise  because  the 
computation  of  the  Pianko  method  was  by  direct  substitution  into  the  analytical  integral  forms  whereas  the  previous 
tables  were  achieved  by  numerical  integration.  Furthermore  the  calculations  were  performed  independently  with 
different  rounding  errors. 
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TABLE  4.1  .IX 

Method  of  Pianko  (3.2)  Applied  to  Power  Law  Profiles 


P 

tPianko 

pt  Entropy 

p 

tPianko 

P 

s 

A  . 

Pianko 

A 

M 

Pianko 

V 

V 

Pianko 

P 

sPianko 

P~ 

s 

Comp' r . 

or 

Turb 1 n . 

0.99995 

1.0083 

1.0 

0.0661 

3.0120 

1.0053 

Comb ' n . 

Chamber 

0.99995 

1.0083 

0.6081 

0.1093 

1.8245 

1.0 

n  =  1 

Re -he at 

Duct 

0.99787 

1.0062 

1.0 

0 . 066  3 

3.0048 

1.0031 

Jet 

Nozzle 

0.99995 

1.0083 

1.0 

0 . 0661 

3.0139 

1 .0052 

Comp ' r . 

or 

Turb ' n . 

0.99991 

1.0145 

1.0 

0.1279 

1.5591 

1.0029 

Comb ' n . 
Chamber 

0.99991 

1.0145 

0.8924 

0.1437 

1.3883 

1.0 

n  =1 
3 

Re-heat 

Duct 

0.99990 

1.0136 

1.0 

0.0281 

1.5576 

1.0020 

Jet 

Nozzle 

0.99991 

1.0145 

1 .0 

0.1280 

1.5584 

1.0029 

Comp '  r . 

or 

Turb ' n . 

0.99985 

1.0212 

1.0 

0.1702 

1.1736 

1.0007 

Comb ' n . 

Chamber 

0.99985 

1.0212 

0.9818 

0.1735 

1.1505 

1.0 

Ho1 

II 

c 

Re-heat 

Duct 

0.99965 

1 .0210 

1.0 

0.1702 

1.1733 

1.0005 

Jet 

Nozzle 

0.99985 

1.0212 

1.0 

0.1703 

1.1730 

1 .0007 

AXISYMMETRICAL 


M  =0.2 
o 


S/R0  =1.0 
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TABLE  4.1.X 

Method  of  Pianko  (3.2)  Applied  to  Power  Law  Profiles 


P 

tPianko 

Pt  Entropy 

P 

tPianko 

P 

s 

^Pianko 

A 

M 

Pianko 

V 

V 

Pianko 

p 

sPianko 

P 

s 

Comp ' r . 

or 

Turb' n. 

0.99493 

1.0140 

1.0 

0.0991 

2.0105 

1.0070 

Comb ' n . 

Chamber 

0.99493 

1.0140 

0..  7066 

0.1412 

1.4134 

1.0 

n  =  1 

Re -he at 

Duct 

0.99258 

1.0116 

1 .0 

0.0994 

2.0056 

1.0047 

Jet 

Nozzle 

0.99493 

1.0140 

1.0 

0.0992 

2.0101 

1.0070 

Comp  1 r . 

or 

Turb ' n . 

0.99498 

1.0187 

1.0 

0.1494 

1.3363 

1.0029 

Comb ' n . 

Chamber 

0.99498 

1.0187 

0.9182 

0.1631 

1.2244 

1.0 

n  =1 

Re -he at 

Duct 

0.99422 

1.0179 

1.0 

0.1495 

1.3351 

1.0021 

3 

Jet 

Nozzle 

0.99498 

1.0187 

1.0 

0.1495 

1.3355 

1.0029 

Comp 1 r . 

or 

Turb 1 n . 

0.99523 

1.0235 

1.0 

0.1797 

1.1117 

1.0006 

Comb 1 n . 

Chamber 

0.99523 

1.0235 

0.9858 

0.1824 

1.0954 

1.0 

n  =  I 
9 

Re-heat 

Duct 

0.99504 

1.0233 

1.0 

0.1798 

1.1115 

1.0004 

Jet 

Nozzle 

0.99523 

1.0235 

1.0 

0.1798 

1.1111 

1.0006 

M  =0.2 
o 


6/rq  =1.0 


TWO-DIMENSIONAL 
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TABLE  4.1. XI 


Method  of  Pianko  (3.2)  Applied  to  Power  Law  Profiles 


P 

tPxanko 

pt  Entropy 

p. 

tPianko 

P~ 

s 

A  . 

Pianko 

A 

M 

Pianko 

V 

V 

Pianko 

Comp ' r . 

or 

Turb ' n . 

0.99737 

1.2037 

1.0 

0.2791 

3.296 

Comb 1 n . 

Chamber 

0.99737 

1.2037 

0.5991 

0.5215 

1.796 

Re -he at 

Duct 

0.94821 

1.14438 

1.0 

0.2953 

3.119 

Jet 

Nozzle 

0.99124 

1.1963 

1.0 

0.2807 

3.278 

Comp ' r . 

or 

Turb ' n . 

0.99733 

1 . 3800 

1.0 

0.5593 

1.682 

Comb'  n . 
Chamber 

0.99733 

1.3800 

0.8851 

0.6942 

1.377 

Re-heat 

Duct 

0.97609 

1 . 3506 

1.0 

0.5786 

1.630 

Jet 

Nozzle 

0.99264 

1.3735 

1.0 

0 . 5636 

1.670 

Comp ' r . 

or 

Turb 1 n . 

0.99796 

1.6043 

1.0 

0.7907 

1.225 

Comb ' n . 
Chamber 

0.99796 

1.6043 

0.9793 

0.8502 

1.149 

Re-heat 

Duct 

0.99242 

1.5954 

1.0 

0.8046 

1.206 

Jet 

Nozzle 

0.99609 

1.6013 

1.0 

0.7962 

1.217 

p 

sPianko 

P 

s 

1.1402 

1.0 

1.0772 

1.1326 

1.1159 

1.0 

1.0765 

1.1071 

1.0621 

1.0 

1.0418 

1.0544 


M  =  1.0 
o 


<5/R0  =  1.0 
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TABLE  4.1. XII 


Method  of  Pianko  (3.2)  Applied  to  Power  Law  Profiles 


— 

— 

— 

— 

A 

— 

P 

tPianko 

tPianko 

Ti 

Pianko 

A 

M 

Pianko 

V 

V 

sPianko 

T> 

^t  Entropy 

F 

s 

Pianko 

F 

s 

Comp ' r . 

or 

0.99897 

1.3691 

1.0 

0.4009 

2.313 

1.2255 

Turb ' n . 

Comb ' n . 
Chamber 

0.99897 

1.3691 

0 .6966 

0.6853 

1.393 

1.0 

Re-heat 

Duct 

0.94278 

1.2921 

1.0 

0.4311 

2.157 

1.1371 

Jet 

Nozzle 

0.99152 

1. 35  89 

1.0 

0.4047 

2.293 

1.2139 

Comp 1 r . 

or 

0.99804 

1.5203 

1.0 

0 . 6451 

1.473 

1.1491 

Turb ' n . 

Comb 1 n . 
Chamber 

0.99804 

1.5203 

0.9116 

0.7973 

1.216 

1.0 

Re -he at 

Duct 

0.97782 

1.4895 

1.0 

0.6710 

1.420 

1.1014 

Jet 

Nozzle 

0.99319 

1.5129 

1.0 

0.6517 

1.459 

1.1372 

Comp 1 r . 
or 

Turb 1 n . 

0.99914 

1.6919 

1.0 

0.8341 

1.168 

1.0723 

Co mb' n. 

Chamber 

0.99914 

1.6919 

0.9837 

0.9003 

1.093 

1.0 

Re -heat 

Duct 

0.99435 

1.6838 

1 .0 

0 . 8501 

1.149 

1.0497 

Jet 

Nozzle 

0.99754 

1.6892 

1.0 

0.8409 

1 . 160 

1.0632 

two-dimensional 


M  = 
o 


S/R  =1.0 
o 


1.0 
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TABLE  4.1. XIII 


Method  of  Pianko 

(3.2)  Applied  to  Power  Law  Profiles 

P 

tPianko 

p 

tPianko 

Pianko 

— 

V 

P 

sPianko 

— 

— 

— 

M 

V 

— 

F 

tEntropy 

P 

s 

A 

Pianko 

Pianko 

p 

s 

Comp ' r . 

or 

0.85933 

3.1742 

1.0 

0 . 3008 

6.5487 

2.9810 

Turb 1  n . 

0.85933 

3.1742 

1.0 

2.2142 

1.2405 

0.2903 

Comb'n. 

— 

— 

_ 

_ 

— 

— 

Chamber 

0.85933 

3.1742 

0.5487 

1.3981 

1.6466 

1.0 

Re -he at 

0.56828 

2.0991 

1.0 

0.4986 

4.0112 

1.7712 

Duct 

1.29961  * 

4 . 8005 

1.0 

2.6617 

1.1401 

0.2186 

Jet 

0.26809 

2.8372 

1.0 

0.3385 

5.8309 

2.6208 

Nozzle  0.76809 

*Contravenes  2nd 

2.8372  1.0 

Law 

AXISYMMETRICAL 

2.0953 

1.2766 

0.3125 

Comp ' r . 
or 

0.78596 

9.1710 

1.0 

0.2055 

9.5420 

8.9048 

Turb ' n . 

0.78596 

9.1710 

1.0 

2.5969 

1.1519 

0.4617 

Comb ' n . 

— 

_ 

_ 

_ 

_ 

_ 

Chamber 

0.78596 

9.1710 

0.6372 

2.1018 

1.2745 

1.0 

Re-heat 

0.3589 

4.1878 

■  1.0 

0.5114 

3.9154 

3.5032 

Duct 

0.7284 

8.4988 

1.0 

2.5157 

1.1680 

0.4854 

Jet 

0.6896 

8.047 

1.0 

0.2359 

8.3914 

7.7415 

Nozzle 

0.6896 

8.0475 

1.0 

2.4580 

1.1801 

0.5027 

TWO-DIMENSIONAL 

n  =  1  Mq  =  4.0  6/ife  =  1 


Note :  Both  subsonic  and  supersonic 
results  are  quoted  where 
appropriate . 
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4.2  EXHAUST  NOZZLE  FLOW 

Model  tests  have  long  been  used  for  the  performance  predictions  of  exhaust  system  hardware  concepts  and  for 
providing  design  guidance  information  early  in  the  engine  development  cycle.  Most  model  tests  are  conducted  with 
unheated  air  with  corrections  applied  to  the  test  results  to  account  for  deviations  from  full-scale  engine  gas-path  flow 
environment.  Table  4.2.I4-2-1  presents  a  list  of  flow-field  considerations  that  the  engine  nozzle  designer  must  evaluate 
and  quantify  before  he  can  utilize  the  model  results.  Since  nozzle  coefficients  are  the  measure  of  performance  for  an 
engine  exhaust  system,  corrections  made  to  the  model  results  are  assessed  by  quantifying  the  change  in  the  nozzle 
performance  coefficients.  There  is  a  problem,  however.  Nozzle  performance  coefficients  are  defined  as  the  ratio  of 
the  engine  mass  flow  and  force  referenced  to  a  corresponding  ideal  value  based  on  the  nozzle  stagnation  flow  properties 
and  nozzle  ambient  conditions.  The  problem  is  in  identifying  the  real  changes  in  nozzle  efficiency  as  a  result  of  vari¬ 
ations  in  flow-field  properties  and  the  numerical  changes  as  a  result  of  the  method  used  to  define  the  ideal  flow  values. 

The  intent  of  this  section  is  to  illustrate  numerically  how  well  some  of  the  various  flow  averaging  procedures  character¬ 
ize  the  rotational,  distorted  flows  of  full-scale  engine  nozzle  exhaust  systems. 

Nozzle  Performance  Coefficients 

Tests  were  conducted  in  1973  at  the  Arnold  Engineering  Development  Center  to  evaluate  the  impact  of  flow  non¬ 
uniformities  on  nozzle  performance  coefficients4-2  -2  .  Undistorted  flows  and  flows  representative  of  a  low-bypass 
mixed-flow  turbofan  engine  (Figure  4.2.1)  were  duplicated  in  an  experimental  model  program  and  the  data  used  to 
compare  nozzle  discharge  coefficients.  Nozzle  coefficients  for  the  distorted  flows  were  derived  using  area-weighting 
and  mass-flow-weighting  averaging  procedures,  and  the  results  were  compared  with  uniform  flow  coefficients  from  the 
same  nozzle  (Figure  4.2.2).  The  comparison  shows  that  the  non-uniform  flow  results  are  a  function  of  the  flow  distor¬ 
tion  profile  shape  as  evidenced  by  the  difference  in  the  results  for  cases  1  and  2.  Also,  neither  referencing  procedure 
collapses  the  uniform  and  non-uniform  flow  results,  although  the  mass-flow-weighting  procedure  provides  a  closer 
correlation  than  the  area-weighting  procedure.  Similar  results  were  obtained  when  comparing  the  uniform  and  non- 
uniform  force  coefficients;  however,  the  relatively  high  measurement  uncertainty  (2  to  3  percent)  of  the  calculated 
nozzle  force  coefficients  precluded  making  conclusive  comparisons. 

Kuchar  and  Tabakoff4-2-3  conducted  an  analytical  evaluation  of  the  effects  of  flow  distortion  on  nozzle  thrust 
coefficients.  The  study  compared  thrust  coefficients  for  a  given  nozzle  geometry  using  both  non-uniform  and  uniform 
flow  profiles.  Two  types  of  non-uniform  temperature  profiles  were  analyzed:  one  typical  of  a  non-afterburning 
subsonic  cruise  condition  and  the  other  representative  of  a  part  afterburning  condition  (Figure  4.2.3).  A  uniform 
stagnation  pressure  was  assumed  for  these  calculations.  The  results  of  the  comparison  are  presented  in  Figure  4.2.4. 
Kuchar  and  Tabakoff  concluded  that  a  mass  flow  averaging  of  nozzle  total  pressure  profiles  and  thrust  weighting  of 
total  temperature  profiles  is  the  correct  averaging  method  for  analyzing  engine  nozzle  performance.  This  mass-thrust 
averaging  method  consists  of  using  a  known  mass  flow  rate,  the  nozzle  “vacuum”  thrust  (i.e.,  exit  impulse),  and  the  spatial 
distributions  of  stagnation  pressure  and  temperature  to  calculate  nozzle  average  flow  properties.  The  nozzle  exit  impulse 
(Ie)  equation  in  terms  of  average  flow  properties  is 


L  = 


where  for  two-dimensional  flow 
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and 
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The  mass  flow  equation  in  terms  of  average  flow  properties  is 
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Equations  (1)  and  (2)  are  solved  for  Me  and  Tt  ,  and  ideal  thrust  (Fg.)  is  calculated  from 
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where  P0  is  altitude  pressure. 

For  the  case  of  limited  temperature  distortion  but  significant  pressure  distortions  (i.e.,  high-bypass  turbofan  fan 
nozzles),  it  may  be  preferable  to  mass  flow  weight  the  temperature  or  enthalpy  and  solve  Equations  (1)  and  (2)  for 
Me  and  Pt  .  Mass-thrust  averaging  methods  are  commonly  used  on  model  programs  to  correct  for  flow  non¬ 
uniformities  induced  by  the  model  installation  and  model  hardware  such  as  struts,  guide  vanes,  and  flow  splitters. 

Another  model  flow  averaging  method  is  momentum  averaging4-2  • 4 .  Momentum  averaging  consists  of  measuring 
the  nozzle  entrance  stagnation  pressure  distribution  and  dividing  the  entrance  area  into  a  number  of  constant  stagna¬ 
tion  pressure  streamtubes  each  of  which  is  expanded  to  ambient  pressure.  The  thrust  contribution  of  each  streamtube 
is  summed  and  an  effective  total  pressure  is  defined  that  produces  an  equivalent  thrust.  This  method,  which  is  similar 
to  the  Pianko  method  presented  in  section  3.2.2,  does  not  require  as  much  input  information  as  the  mass-thrust  method 
and,  for  the  purpose  of  correlating  model  and  full-scale  test  results,  is  generally  better  than  area  and  mass-flow-weighted 
averaging  methods. 

One  problem  with  the  nozzle  flow  averaging  methods  discussed  thus  far  is  that  an  accurate  measurement  of  the 
nozzle  flow-field  properties  is  required.  In  actual  engine  installations,  flow-field  complexities  such  as  blade  wakes, 
swirl,  streamline  curvature,  mixing,  dynamics,  induced  wave  forms  from  rotating  machinery,  probe  sampling  gaps,  and 
afterburner  combustion  may  make  it  difficult  to  obtain  an  accurate  assessment  of  flow  profiles.  Another  problem  is 
that,  depending  on  the  flow  averaging  procedure,  the  nozzle  coefficients  can  be  a  function  of  the  aircraft  flight  condi¬ 
tions.  Both  of  these  problems  have  been  dealt  with  on  high-bypass  turbofan  engine  tests  and  the  findings  are  presented 
in  the  next  subsection. 


High-Bypass-Ratio  Turbofan 

Figure  4.2.5  shows  a  schematic  of  a  dual-stream  turbofan  engine  (i.e.,  fan  engine)  and  the  corresponding  flow¬ 
through  model  for  the  same  engine.  Generally,  the  fan  engine  model  designers  will  make  an  effort  to  simulate  engine 
hardware  features  that  affect  flowthrough  performance:  features  such  as  nozzle  flow  splitters,  fan  case  strusts,  thrust 
reverser  blocker  door  links,  pylon  flow  splitter,  and  turbine  rearframe  struts.  Some  of  the  philosophy  used  for  designing 
engine  models  and  conducting  model  tests  is  contained  in  Reference  4.2.5.  One  source  of  nozzle  flow  non-uniformities 
are  the  wakes  generated  from  the  fan  guide  vanes  and  struts  (Figure  4.2.6).  Strut  and  vane  losses  are  usually  a  few 
percent  or  less  of  the  nozzle  total  forces  but  are  still  important  in  the  engine  performance  verification  process.  Oates 
(Reference  4.2.6)  presents  a  simple  example  of  the  influence  of  wake  losses  and  flow  averaging  procedures  for 
cascade-type  flows  by  comparing  “mixed-out”  and  mass-flow-weighted  averaged  pressure-loss  coefficients  (Table 
4. 2. II). 

The  “mixed-out”  average  pressure  loss  corresponds  to  that  value  of  the  pressure  loss  that  would  exist  if  the  fluids 
were  allowed  to  mix  fully  in  an  ideal,  constant-area  mixer.  Table  II  shows  that  at  the  stagnation  pressure  ratio  of  0.8, 
there  is  a  factor  of  two  difference  in  the  pressure-loss  coefficients.  Oates  results  demonstrate  that  when  comparing  fan 
flow  model  data,  both  the  flow  averaging  procedure  and  axial  position  of  the  measurement  traverse  are  important. 

Kimzey4,2-7  reported  scale-model  and  full-scale  engine  fan  nozzle  flow  and  velocity  coefficients  for  a  high-bypass 
turbofan  engine  (Figure  4.2.7).  The  nozzle  coefficients  were  derived  using  an  area-weighted  stagnation  pressure  and 
temperature.  Figure  4.2.7  illustrates  that  not  only  are  there  differences  in  the  model  and  full-scale  fan  nozzle 
coefficients,  but  that  the  full-scale  coefficients  are  a  function  of  both  nozzle  pressure  ratio  and  flight  conditions. 

Kimzey  hypothesized  that  because  the  fan  is  closely  coupled  to  the  nozzle  that  the  fan  flow  exerts  a  strong  influence 
on  the  nozzle  coefficients.  Therefore,  as  flight  conditions  and  accordingly  ram  pressure  ratio  vary,  the  fan  operating 
point  change  is  accompanied  by  a  change  in  fan  nozzle  inlet  profile  and  thus  in  nozzle  coefficients,  which  are  a  function 
of  flight  conditions.  Rather  than  adjusting  the  nozzle  coefficients  directly  for  flow  distortions,  Kimzey  generalized  the 
full-scale  nozzle  coefficients.  The  coefficients  were  generalized  by  expressing  the  coefficients  as  a  function  of  both  the 
fan  nozzle  operating  point,  which  is  set  by  the  nozzle  pressure  ratio,  and  the  fan  operating  point,  which  is  set  by  a  fan 
“equivalent”  pressure  ratio.  The  specific  details  of  this  procedure  are  contained  in  Reference  4.2.7. 

Another  approach  to  the  model  full-scale  data  correlation  problem  and  commonly  used  by  airframers  is  discussed 
in  Reference  4.2.4.  Typically,  model  nozzle  coefficients  are  adjusted  for  full-scale  Reynolds  number  effects,  geometric 
differences,  and  leakage,  with  remaining  discrepancies  between  model  and  full-scale  results  attributed  to  differences  in 
measured  gas-path  properties  or  flow  averages.  Having  made  this  assumption,  a  pressure  correction  factor  is  determined 
from  the  thrust  coefficient  versus  nozzle  pressure  ratio  curve  (Figure  4.2.8).  As  a  check,  the  thrust  coefficient  pressure 
correction  factor  is  applied  to  the  nozzle  flow  coefficient  versus  pressure  ratio  curve  to  determine  if  the  model  and  full- 
scale  flow  coefficients  collapse  to  an  acceptable  tolerance.  If  a  temperature  correction  is  required  in  addition  to  the 
pressure  correction,  then  the  thrust  coefficient  curve  is  used  to  generate  the  pressure  correction,  the  flow  coefficient 
curve  used  to  generate  a  temperature  correction,  and  the  velocity  coefficient  curve  used  for  proof  of  the  corrections 
(Figure  4.2.9).  Finally,  calculations  are  made  to  determine  if  the  corrected  nozzle  pressure  and  temperature  are  con¬ 
sistent  with  the  engine  cycle  math  model.  Generally,  the  pressure  or  temperature  correction  is  less  than  two  percent  of 
the  calculated  bulk  values.  This  method  does  require,  however,  that  the  nozzle  coefficient  data  be  generalized  with 
nozzle  pressure  ratio  or  else  a  correction  factor  as  a  function  of  both  nozzle  pressure  ratio  and  flight  conditions  is 
required. 
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Nozzle  Flow  Averaging  Comparison 

In  this  final  subsection,  the  implications  of  using  different  flow  averaging  methods  to  characterize  test  data  for  a 
full-scale,  turbine  engine  exhaust  nozzle  are  examined.  Flow  averaging  methods  discussed  in  Chapters  3  and  4  are  used 
to  calculate  engine  nozzle  mean  flow  property  values  and  performance  coefficients,  and  the  results  from  each  method 
are  compared. 

The  nozzle  calculations  are  for  experimental  data  from  a  low-bypass  turbofan  engine  test  in  which  the  engine 
mass-flow  rate,  thrust,  and  nozzle  flow  profiles  were  measured.  Figure  4.2.10  depicts  the  stagnation  pressure  and 
temperature  profiles  measured  at  the  nozzle  inlet  plane  and  includes  a  sketch  of  the  nozzle  geometry.  It  should  be 
mentioned  that  the  measured  nozzle  mass  flow  rate  is  about  one  to  two  percent  less  than  the  mass  flow  rate  predicted  at 
the  nozzle  inlet  station  using  measured  total  pressure,  total  temperature,  wall  static  pressure,  and  an  estimate  for  the  wall 
boundary  layer  displacement  thickness.  The  reason  for  this  difference  can  be  attributed  to  both  measurement  error  and 
streamline  curvature  of  the  flow  (i.e.  flow  static  pressure  is  not  uniform).  For  the  purposes  of  the  present  calculations, 
the  nozzle  wall  static  pressure  was  adjusted  to  be  consistent  with  the  measured  mass  flow  rate. 

The  results  from  the  nozzle  flow  averaging  calculations  are  presented  in  Table  4. 2. III.  The  values  for  the  flow 
properties  and  coefficients  using  the  Dzung  and  Livesey  method  were  provided  by  H.  Kruse.  The  values  for  the  Pianko 
method  were  provided  by  M.  Pianko.  The  equations  used  to  calculate  the  discharge  and  thrust  coefficients  are  for 
choked  nozzle  flow  and  are  given  by. 
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where  Atjj  is  the  nozzle  throat  area.  The  uniform  flow  performance  coefficients  presented  in  Table  4. 2. Ill  were 
obtained  from  cold-flow  model  tests  of  a  scaled  nozzle  geometrically  similar  to  the  full  scale  nozzle  shown  in  Figure 
4.2. 10.  The  model  nozzle  tests  were  conducted  with  a  uniform  inlet  flowfield. 

A  review  of  the  bulk  total  pressures  and  temperatures  in  Table  4. 2. Ill  shows  the  numerical  agreement  and 
disagreements  in  the  various  calculated  values.  Kuchar  and  Tabakoff  use  a  mass  flow-weighting  pressure  averaging 
procedure,  and  Pianko  and  Dzung  use  a  mass  flow-weighting  temperature  averaging  procedure,  therefore,  these 
respective  values  are  the  same  as  the  mass  flow-weighted  method  values.  For  this  particular  example,  the  calculated 
area  and  mass  flow-weighted  flow  properties  are  the  same;  but  in  general  this  will  not  be  true,  particularly  if  there  are 
significant  non-uniformities  in  total  pressure.  Livesey’s  method  gives  a  value  for  the  average  total  pressure  which  is 
significantly  greater  than  the  other  averaging  methods  and  which  is  also  greater  than  the  actual  measured  pressures. 
The  explanation,  as  pointed  out  by  Kruse,  is  that  Livesey’s  method  assumes  reversible  mixing  for  averaging  the  flow 
mean  static  pressure  value,  which  is  calculated  from 


where  Ts  =  1/m  / Ts  dm  ,  and 

'“i  dm_R-f©  dm) 

with  Ps(r)  =  constant ,  the  difference  between  the  mean  pressure  Ps  and  Ps(r)  =  constant  only  depends  on  the 
difference  between  the  two  terms, 


which  is  positive  for  T(r)  #  constant .  Another  way  to  think  of  the  problem  is  that  the  temperature  differences  in 
Livesey’s  method  must  increase  the  calculated  mean  pressure  values,  otherwise  the  mixing  would  be  irreversible.  The 
Livesey  method  should  not  be  applied  to  flow  with  non-uniform  temperatures. 
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Other  notable  differences  in  the  calculated  bulk  flow  properties  are  the  relatively  low  values  of  the  total  pressure 
derived  from  the  Pianko  method  and  the  total  temperature  derived  from  the  Kuchar  method.  This  difference,  as 
pointed  out  by  Dunham,  is  a  result  of  the  Pianko  and  Kuchar  methods  ignoring  the  thrust  mixing  gain  potential  of  a 
non-uniform  nozzle  flow.  To  clarify  this  point,  Dunham  used  the  simple  example  of  a  nozzle  receiving  two  inlet 
streams  both  with  y  =  1.4,  both  with  stagnation  pressure  350  kPa,  expanding  to  100  kPa  and  both  having  a  100  kg/s 
mass  flow.  One  stream  is  at  stagnation  temperature  400°K  and  the  other  at  800°K.  The  following  table  gives  the 
various  averages  and  the  ideal  thrust  calculated  by  expanding  the  “average”  flow  isentropically : 


Method 

Pt,kPa 

Tt,°K 

Thrust,  kN 

Mass  Flow-Weighting 

350 

600 

120.46 

Livesey 

430.2 

600 

128.22 

Kuchar  and  Tabakoff 

350 

582.8 

118.73 

Pianko 

335.3 

600 

118.73 

Dzung  (mixing  at  Mn  0.36) 

349.06 

600 

120.33 

Dzung  (mixing  at  Mn  0.71) 

346.51 

600 

120.04 

Dunham  explains  that  both  Kuchar  and  Pianko  derive  their  “ideal  thrust”  by  assuming  the  two  streams  expand 
separately,  which  ignores  the  fact  that  a  higher  thrust  can  be  obtained  by  mixing  them  before  expansion.  As  a  result, 
the  Kuchar  method  gives  a  total  temperature  that  is  lower  than  other  methods  and  the  Pianko  method  gives  a  low  value 
for  the  average  total  pressure.  Dunham’s  example  also  shows  that  mass  flow-weighting,  in  effect,  assumes  that  mixing 
takes  place  at  such  a  low  Mach  number  that  the  fundamental  pressure  loss  attributable  to  mixing  (which  is  accounted 
for  in  the  Dzung  method)  is  negligible. 

A  review  of  the  nozzle  performance  coefficients  in  Table  4.2.III  is  also  informative.  Depending  on  the  flow 
averaging  method  selected,  the  indicated  thrust  efficiency  lies  (ignoring  the  Livesey  method)  between  96  and  99  percent. 
Maximum  thrust  efficiency  should  correspond  to  uniform  flow  since  there  are  no  thrust  losses  as  a  result  of  flow  non¬ 
uniformities;  and,  in  fact,  the  Dzung  and  mass  flow-weighting  methods  which  do  account  for  the  thrust  mixing  gain 
potentials  have  calculated  thrust  coefficients  less  (3  to  4  percent)  than  the  ideal  uniform  flow  case.  The  Kuchar  and 
Pianko  methods  give  values  for  the  thrust  coefficient  which  are  greater  than  Dzung,  because,  as  previously  discussed, 
the  methods  do  not  include  the  non-uniform  flow  thrust  effects.  Kuchar’s  method  will  give  the  highest  value  for  the 
non-uniform  flow  thrust  coefficients  because  it  calculates  the  lowest  value  for  the  flow  bulk  temperature.  For  choked 
nozzle  flows,  the  influence  of  flow  temperature  on  the  thrust  coefficient  is  greater  (about  a  factor  of  1.5  for  the 
present  data)  than  that  of  pressure.  Flow  averaging  methods  that  ignore  the  thrust  gain  potential  of  unmixed  flows  and 
that  predict  a  low  value  for  the  flow  bulk  temperature,  will  predict  a  high  value  for  the  non-uniform  flow  thrust 
coefficient  that  can  appear  to  correlate  with  the  uniform  flow  values. 

The  only  conclusion  made  with  respect  to  the  non-uniform  flow  discharge  coefficients  is  that  the  level  of  the 
coefficient  for  the  ideal  uniform  flow  is  considerably  less  (4  to  10  percent)  than  the  non-uniform  flow  values.  For  the 
non-uniform  flow  averaging  methods,  Pianko ’s  method  will  give  the  highest  value  for  the  discharge  coefficient  because 
it  predicts  the  lowest  value  for  the  bulk  pressure.  For  choked  flows,  the  influence  of  pressure  on  the  discharge 
coefficient  is  twice  that  of  the  temperature. 

The  writer  also  found  it  informative  to  apply  the  present  set  of  data  to  the  cold-flow  model  to  full-scale  nozzle 
coefficient  adjustment  method  described  in  the  section  titled,  High-Bypass  Ratio  Turbofan  of  Chapter  4.2.  Recall,  in 
this  method  a  corrected  flow  temperature  and/or  pressure  is  determined  by  equating  the  nozzle  discharge  (or  thrust) 
coefficients  from  the  uniform  and  non-uniform  flow  data  and  verifying  the  results  by  applying  the  corrected  value  to 
the  nozzle  thrust  (or  discharge)  coefficient.  For  the  present  data,  where  the  pressure  distribution  was  nearly  uniform 
and  the  temperature  distribution  highly  non-uniform,  the  area-weighting  discharge  coefficient  was  used  to  determine 
the  data  adjustment.  The  area-weight  coefficient  was  selected  because  it  is  generally  used  on  engine  tests  because  of 
its  convenience.  The  results  for  the  “Adjusted  Coefficient”  method  are  presented  in  the  following  table. 


rt 

psia 

Tt 

°R 

T 

Discharge 

Coefficient 

cd 

Thrust 

Coefficient 

Cf 

Uniform  Flow 

1.4 

0.91  -0.93 

0.99  -  1.00 

Area-Weighting 
(Non-uniform  Flow) 

14.83 

1122 

1.37 

0,99 

0.96 

Adjusted  Coefficient 

14.83 

945  -  990 

1.38 

0.91  -0.93 

1.05  -  1.02 
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As  shown  in  the  table,  the  Adjusted  Coefficient  method  does  not  collapse  the  numerical  difference  between  the 
model  and  full-scale  nozzle  thrust  coefficients.  Similar  results  have  been  obtained  at  the  AEDC  when  using  this  method 
on  other  turbine  engine  (including  high-bypass  turbofans)  to  model  data  comparisons.  The  assumption  that  the  prin¬ 
cipal  difference  in  cold-flow  model  and  full-scale  turbine  engine  nozzle  coefficients  is  attributable  to  measurement  error 
is  not  correct. 

In  summary,  for  flows  with  variations  in  pressure  and  temperature,  the  Dzung  method  is  the  only  method  identi¬ 
fied  that  properly  accounts  for  the  flow  stagnation  enthalpy  and  stream  force  at  the  flow  measurement  station.  The 
Dzung  method,  however,  requires  specification  of  a  flow  static  property  distribution  at  the  flow  measurement  station 
which  will  be  difficult  to  define  on  most  turbine  engine  tests.  For  a  given  nozzle  configuration,  the  thrust  efficiency 
of  a  non-uniform  flow  will  be  less  (because  of  the  thrust  gain  potential  and  mixing  losses)  than  that  obtained  for 
uniform  inlet  flow  conditions.  No  flow  averaging  method  has  been  identified  that  gives  the  same  values  of  nozzle 
coefficients  for  a  two  stream  and  a  one  stream  nozzle  flow,  principally  because  the  nozzle  efficiencies  for  these  two 
cases  are  not  the  same.  The  nozzle  flow  comparisons  in  this  section  are  based  on  engine  nozzle  data  with  basically  only 
distortions  in  total  temperature.  It  would  be  informative  to  see  a  flow  averaging  comparison  similar  to  Table  4. 2. Ill  for 
real  data  with  only  pressure  distortions  and  with  both  pressure  and  temperature  distortions. 

TABLE  4.2.1  (Ref.  4.2.1) 

Model  to  Full-Scale  Nozzle  Flow  Considerations 

(1)  Three-dimensional  nature  of  flow  in  the  nozzle. 

(2)  Corrections  for  real-gas  effects  which  may  arise  in  applying 
some  model  nozzle  test  data  to  full-scale  nozzles  (in  particular 
at  high-pressure  and  low-temperature  conditions). 

(3)  Nonuniformity  of  pressure  and  temperature  profiles  across  the 
exhaust  duct  at  the  nozzle  entry  measurement  plane. 

(4)  The  coverage  of  the  pressure  and  temperature  probes,  which 
will  not  in  general  give  representative  mean  values. 

(5)  Local  flow  direction,  including  swirl,  in  the  plane  of 
measurement. 

(6)  Value  of  y  used  for  isentropic  groups  (if  Ideal  Gas  Thermo¬ 
dynamics  are  not  used). 

(7)  Dissociation  of  real  gases  at  high  temperature,  and  energy- 
mode-fixation  during  rapid  nozzle  expansion. 

(8)  Pressure  losses  between  plane  of  measurement  and  nozzle 
entry,  particularly  with  reheat. 


(9)  Mass-flow  leakage  from  the  tailpipe  and  nozzle. 
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TABLE  4 .2.11  (Ref.  4.2.6) 
Comparison  of  Wake  Flow-Averaging  Methods 

a.  Flow  Conditions: 

Primary  Stream 


Stagnation  Pressure  =  P^ 
Stagnation  Temperature  = 
Mass  Flow  =  m^ 

Mach  Number  =  0. 6 
Ratio  of  Specific  Heats  =  1. 4 

Secondary  Stream 


Stagnation  Pressure  =  P^ 
Stagnation  Temperature  =  T^ 
Mass  Flow  =  0, 2 
Ratio  of  Specific  Heats  =  1. 4 

b.  Pressure  Loss  (AP\)  Comparison: 


pt2 

ptl 

AP{  (mixed -out) 

p»i 

APf  (mass  flow  weighted) 

pti 

0.  95 

0. 0090 

0. 0083 

0. 90 

0.  0197 

0. 0167 

0. 85 

0. 0336 

0. 0250 

0.80 

0. 0625 

0. 0333 
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TABLE  4.2.III 


Comparison  of  Flow  Averaging  Methods 
(Results  for  Figure  4.2.10) 


Averaging 

Method 

h 

psia 

Tt, 

°R 

r 

Discharge 

Coefficient, 

cd 

Force 

Coefficient, 

Cf 

Uniform  Flow 

— 

1.4 

0. 92  ±  0. 01 

0. 995  +  0.005 

Nonuniform  Flow 

— 

f(Tt) 

0. 96 

0. 98 

Area-Weighting 

14.83 

1,122 

1.373 

0. 98 

0. 97 

Mass  Flow-Weighting 

14. 84 

1,123 

f  (Tt) 

0. 98 

0. 97 

Kuchar-Tabakoff 

14. 84 

1,050 

1.38 

0.94 

1.00 

Momentum 

14.84 

1,099 

f  (Tt) 

0. 97 

0. 98 

Adjusted  Coefficient 

14.84 

982 

1.382 

0. 92 

1.04 

Pianko 
(Chapter  3. 2) 

14.42 

1,123 

1.37 

1.01 

0.97' 

Dzung 

(Chapter  3. 1) 

14.81 

1,123 

f  (Tt) 

0. 99 

0.96  i 

Livesey 
(Chapter  4. 1) 

16. 94 

_ 

1,135 

f  (Tt) 

0. 88 

0.91  » 

Local  Value/Wall  Value  Local  Value/Wall  Value 
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Minimum 


a.  Stagnation  Pressure 


Local  Radius/Wall  Radius 
b.  Stagnation  Temperature 


Fig.4.2.1  Nozzle  inlet  profiles  (low-bypass  turbofan) 


Stagnation  Temperature, 
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Qd 

O 


Part  Reheat 


Subsonic  Cruise 


Force  Coefficient, 
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Fig.4.2.4  (Ref.4.2,3)  Theoretical  influence  of  flow  averaging  on  nozzle  force  coefficient 


Ill 


a.  Full-Scale  Engine 


Fig.4.2.5  Schematic  of  dual  stream  turbofan  engine 


Fan  Nozzle  Velocity  Coefficient,  Cv  Fan  Nozzle  Discharge  Coefficient, 
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a.  Discharge  Coefficient 


Altitude, 

Mach 

Sym 

ft 

Number 

'Z? 

15,000 

0 

D 

15, 000 

0* 

o 

15,000 

0 

7 

15, 000 

0 

16,500 

0.3 

<1 

18,500 

0.46 

□ 

24,400 

0.77 

O 

30, 000 

1.00 

d 

36,000 

0.767 

b.  Velocity  Coefficient 


Fig. 4. 2. 7  Comparisons  of  full-scale  fan  nozzle  data  with  model  results 


Model  Adjusted  for  Reynolds 


Fig.4.2.8  (Ref.4.2.4)  Model  to  full-scale  pressure  correction 


=  f(Cf) 
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Pt'Po - - 

a.  Pressure  Correction 


^  Model 


P./P 
t  o 


b.  Temperature  Correction 


Fig.4.2.9  Model  to  full-scale  pressure,  temperature  correction 
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Fig. 4. 2. 10  Measured  nozzle  total  pressure  and  temperature  profiles 
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4.3  TURBOMACHINERY  FLOWS 


The  purpose  of  this  section  is  to  quantify  the  flow  averaging  methods  (described  in  the  preceding  chapters)  by 
sample  calculations  using  realistic  distributions  of  flow  quantities  within  the  engine  components  compressor  and  turbine 
in  order  to  compare  and  discuss  the  different  results. 

The  data  used  for  the  sample  calculations  are  design  data  so  that  there  is  no  influence  of  any  inaccuracy  caused  by 
individual  measuring  techniques.  The  area-  and  mass-weighted  mean  values  need  no  further  explanation.  Using  the 
Dzung  method  (see  Chapter  2)  one  gets  a  consistent  set  of  mean  values  characterizing  the  flow.  For  typical  turbo¬ 
machinery  flows  these  results  are  compared  to  a  set  of  mean  values  called  “entropy  weighted”  mean  values  because 
they  are  essentially  based  on  constant  energy/constant  entropy  mixing,  whereas  some  quantities  are  mass  flow  weighted. 

Complementary  to  Chapter  2  these  relations  are  as  follows: 


hs 


1 

m 


T 


s 


(because  of  less  computational  effort  cp  is  assumed  to  be  constant). 


In  addition  the  data  of  some  sections  of  the  compressor  and  the  turbine  are  examined  using  the  “Pianko”  method, 
described  in  section  3.2.  Its  application  is  explained  in  detail  in  the  following  section  4.4. 


4.3.1  Compressor 

4.3. 1.1  Axis  symmetric  flow 

In  contrast  to  turbine  or  nozzle  flow  data  there  are  relatively  small  variations  in  radial  temperature  distributions. 
The  data  of  the  single-stage  compressor  under  consideration  are  as  follows: 
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Geometry : 


TABLE  4.3  .II 


Comparison  of  Averaging  Methods  (Compressor,  Figure  4.3.1) 
(7  =  1.4  =  constant) 


Section 

V 

h 

Ps 

Pt 

Ts 

Tt 

a 

^is 

(m/s) 

(kj/kg) 

(bar) 

(bar) 

(K) 

(K) 

(degr.) 

(-) 

Dzung  method 

B| 

175.91 

273.69 

0.8343 

1.0114 

272.6 

288.0 

mm 

220.22 

309.53 

1.1811 

1.5379 

308.3 

332.4 

1  » E9 

0.8030 

Jfti 

189.16 

316.06 

1.2572 

1.5244 

314.8 

332.6 

“Entropy-weighted”  Mean  Values 

2 

177.93 

273.69 

0.8322 

1.0133 

272.2 

288.0 

90.0 

3 

226.61 

308.13 

1.1731 

1.5521 

306.9 

332.4 

52.6 

0.8008 

4 

194.72 

314.95 

1.2435 

1.5256 

313.7 

332.6 

90.0 

Pianko  method 

2 

0.8333 

1.0133 

288.0 

3  * 

1.1770 

1.5511 

332.7 

4  ** 

1.2435 

1.5221 

332.8 

1 

4  *** 

1.2424 

1.5221 

332.8 

1 

Area  weighted 

2 

1.0133 

288.0 

0.7795 

4 

1.5151 

333.0 

Mass  weighted 

2 

1.0133 

288.0 

0.7915 

4 

1.5188 

332.6 

section  3  considered  as  compressor  inlet 
section  4  considered  as  compressor  inlet 
section  4  considered  as  combustor  inlet 
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Comparing  the  isen tropic  efficiency  of  the  stage  (Table  4.3  .II),  there  is  a  small  difference  (except  for  the  area 
weighted  value). 

But  looking  at  total  and  static  pressure  mean  values  (Table  4. 3. II,  Figures  4.3.2— 5)  there  may  be  noticeable 
differences  in  the  different  sections. 

At  the  compressor  inlet  P{(r)  which  is  constant  in  section  2  exceeds  the  Dzung  total  mean  pressure  probably  as  a 
consequence  of  the  mixing  losses  from  equalizing  the  different  radial  components  (s  •  e2). 

In  one  case  (section  4,  Figure  4.3.4)  the  static  mean  pressure  from  the  Dzung  method  is  greater  than  any  existent 
static  pressure  value  within  the  radial  distribution! 

In  this  compressor  case  with  no  considerable  differences  in  radial  temperature  distribution  the  Dzung  mean  static 
pressure  always  exceeds  the  “entropy-weighted”  pressure. 


Fig. 4.3. 2  Section  3:  Static  pressure  distribution 


«• 
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A  r/h 


Fig. 4. 3. 5  Section  4:  Total  pressure  distribution 


4. 3. 1.2  Compressor  Intake  Distortion 

When  a  compressor  or  engine  is  tested  alone,  it  is  usually  supplied  with  air  at  effectively  uniform  stagnation 
pressure  and  temperature,  so  the  inlet  averaging  method  is  unimportant.  When  it  is  tested  behind  an  intake  or  an 
intake  simulator,  on  the  other  hand,  the  pressure  will  no  longer  be  uniform,  so  the  averaging  procedure  may  be 
important.  To  examine  the  magnitude  of  the  differences  likely  to  be  found  in  practice,  sample  calculations  have  been 
done  on  actual  test  results  obtained  from  full  scale  intakes  at  typical  low-distortion  and  high-distortion  conditions. 

Four  cases  were  examined: 

(1)  intake  A,  low  distortion  (equivalent  to  an  engine  face  time  average  distortion  coefficient  DC60  ——0.06  ) 
The  distortion  coefficient  DCS0  is  the  difference  between  the  mean  pressure  in  the  compressor  inlet  plane  and 
the  mean  minimum  pressure  in  a  60°  angular  sector,  divided  by  the  dynamic  pressure. 

(2)  intake  A,  high  distortion  (DC60  —0.3 1 ,  a  level  which  might  well  be  high  enough,  in  conjunction  with  the 

accompanying  time-variant  distortion,  to  cause  concern  about  possible  surge) 

(3)  intake  B,  low  stagnation  pressure  distortion  (DC60  =£  —0.08)  but  a  2.5%  static  pressure  distortion 

(4)  intake  B,  high  distortion  (DC60  —  —0.36)  and  3.6%  static  pressure  distortion. 

The  following  table  shows  the  average  inlet  stagnation  pressure  recovery  as  calculated  by  the  various  methods: 


TABLE  4.3  .III 


Case 

1 

2 

3 

4 

Area  weighted 

.9466 

.8245 

.9716 

.9333 

Mass  weighted 

.9487 

.8339 

.9765 

.9518 

Entropy  weighted 

.9485 

.8334 

.9763 

.9507 

Pianko  mean 

.9485 

.8332 

.9763 

.9504 

Dzung  mean 

.9474 

.8261 

.9744 

.9379 

Mass-derived 

.9453 

.8201 

.9682 

.9263 

It  will  be  seen  that  the  entropy-weighted  and  Pianko  mean  are  virtually  the  same,  and  the  following  percentage 
differences  from  them  were  found  for  the  other  methods: 
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TABLE  4. 3. IV 


Case 

1 

2 

3 

4 

area  weighted 

-0.2 

-1.1 

-0.5 

-1.8 

mass  weighted 

0 

-0.1 

0 

+0.1 

Dzung  mean 

-0.1 

-0.9 

-0.2 

-1.3 

mass-derived 

-0.3 

-1.6 

-0.8 

-2.6 

It  will  be  seen  that  the  area  weighted  and  mass-derived  pressures  cannot  be  relied  upon  for  accurate  work.  The 
mass  weighted,  entropy  and  Pianko  averages  differ  only  by  unimportant  amounts,  and  the  Dzung  average  is  slightly 
lower  than  them. 

4.3.2  Turbine 

In  this  section  the  mean  values  of  a  two  stage  turbine  were  calculated  using  design  data  with  realistic  radial 
temperature  distributions.  The  engine  station  identification  is  shown  in  Figure  4.3.6.  The  design  data  of  six  stations 
are  shown  in  Table  4.3.V. 


4 


5 


6 


As  well  as  in  the  compressor  example  the  entropy  weighted  mean  values  always  exceed  the  mean  total  pressure 
from  the  Dzung  method,  whereas  only  in  some  cases  is  the  entropy  averaged  static  pressure  (as  a  consequence  of  the 
temperature  distribution)  somewhat  higher  than  the  Dzung  mean  value. 

Although  the  differences  in  pressure  mean  values  are  small  there  may  occur  appreciable  differences  in  pressure  loss 
coefficient  or  pressure  recovery.  Considering  for  instance  the  pressure  loss  coefficient  of  the  first  stator  vane  the  Dzung 
method  gives  : 

?  =  14.2% 

and  from  the  entropy  weighted  mean  values  one  gets 

f  =  12.3%  . 

Considering  the  pressure  recovery  factor 
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TABLE  4.3. V 
Turbine  Design  Data 


Section  1 

r 

Pa 

V 

(  «  ) 

(  K8) 

(*af) 

(»/  »  ) 

(  degr.) 

(  degr. ) 

0.0670 

1254.0300 

11.7603 

120.7400 

89.9999 

0.0 

0.0689 

1322.7800 

11.7604 

123.9700 

89.9999 

0.0 

0.0708 

13*72.8401 

11.7607 

126.2400 

89.9999 

0.0 

0.0727 

1409.0701 

11.7612 

127.7300 

89,9999 

0.0 

0.0746 

1431.6299 

11.7618 

128.5900 

89.9999 

0.0 

0.0764 

1440.4299 

11.7624 

128,8000 

89.9999 

0.0 

0.0782 

1438.4500 

11.7630 

128.5800 

89.9999 

0.0 

0.0800 

1428.4099 

11.7635 

127.9900 

89.9999 

0.0 

0.0817 

1411.9900 

11.7637 

127.1900 

89.9999 

0.0 

0.0834 

1393.4500 

11.763$ 

126.32Q0 

89.9999 

0.0 

1375.0400 

_ 1 1.7635 

125.5800 

69.9999 

0.0 

Section  2 

0.0670 

1150.5100 

7.5852 

517.1001 

21.0000 

0.0 

0.0688 

1210.6101 

7,7306 

537.8799 

20.7000 

-0.2921 

0,0706 

1257.8899 

7.8744 

544.6699 

20.4045 

-0.6935 

0.0724 

1295.300$ 

8,0139 

542,3601 

20.1095 

-1.0943 

0.0742 

1320.8401 

8.1480 

535.8201 

19.8138 

-1.5086 

0.0760 

1334.0601 

8.2762 

525.7200 

19.5183 

-1.9845 

0.0778 

1337.1599 

8.3985 

513.7200 

19.2238 

-2.5175 

0.0796 

1332.5200 

8.5152 

500.5701 

18.9319 

-3.1627 

0.0814 

1321.6499 

8.6265 

486.6399 

18.6453 

-3.9717 

0.0832 

1308.4800 

8,7331 

472,7100 

18.3680 

-5,0296 

0.0850 

1295.1599 

8.8356 

459.1899 

18.1072 

-6.4498 

Section  3 


0.0670 

1110,0701 

6.1565 

209,7200 

91.5676 

-0.2479 

0.0689 

1160.8000 

6.1558 

223.9500 

97.5760 

0.6881 

6.0707 

1200.0701 

6,1539 

231.0500 

100,6800 

1,2050 

0.0725 

1229,9399 

6.1506 

233.9600 

102.5418 

1.6632 

1248.7700 

6.1457 

_  233,9100. 

103.6647 

2.1216 

0.0761 

1256.2300 

6.1389 

231.3100 

104.1863 

2.5749 

0.0779 

1254.5200 

6,129$ 

226.930Q 

104,2809 

3.0876 

0.0797 

1246,0100 

6.1183 

221.2400 

104.0239 

3.6982 

0.0814 

1232.1299 

6.1039 

214,6200 

103.4502 

4.5139 

0.0832 

1216.7000 

6.0869 

207.5400 

102.6264 

5.7021 

0.0850 

1201.7000 

200.3900 

101.5456 

_ 7.6165_ 
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TABLE  4.3 .V  (continued) 
Turbine  Design  Data 


Section  4 


r 

T 

▼ 

(  «  ) 

(  I*) 

(baf) 

(■/e) 

(  degr.) 

(  degr.) 

0.0670 

1113.2200 

6.2313 

190.4700 

91.7260 

-0.3065 

0.0690 

1164.1699 

6.2320 

204,8100 

98.2686 

0.5665 

0.0710 

1203.7100 

6.2337 

210.9400 

101.6579 

1.3987 

0.0730 

1233.9299 

6.2360 

212.1300 

103,7633 

2.4090 

0.0750 

1253.1699 

6.2384 

209.6900 

105.1417 

3.5289 

0.0770 

1261.1101 

6.2411 

203.9100 

105,9559 

4.7311 

0.0790 

1259.9900 

6.2442 

195.3300 

106.4154 

6.0337 

0.0810 

1252.1799 

6.2483 

184.0300 

106.6385 

7,4580 

0.0832 

1239.1799 

6.2539 

169.8200 

106.7218 

9,0611 

0.0855 

1224.8301 

6.2620 

152.3300 

106.8527 

10,9483 

0.0880 

1211.2500 

6.2731 

130.5100 

11)7,2685 

13,3582 

Seotion  5 

0.0670 

1020.1299 

4.0281 

513.4600 

26.0000 

0.0 

0.0695 

1070.1001 

4.1351 

521.2200 

25.3429 

2.1122 

0.0720 

1110.6001 

4.2377 

521.4299 

24.7043 

3.7936 

0.0745 

H43.0200 

4.3362 

516.7300 

24,0672 

5.1231 

0.0770 

1165.5100 

4.4310 

507.9900 

23.4218 

6.1384 

0.0796 

1177.5500 

4,5223 

495,6299 

22.7621 

6.8675 

0.0821 

1181.1399 

4.6103 

480.3101 

22.0835 

7.3187 

0.0848 

1178.3799 

4.6950 

462.7100 

21.3822 

7.4923 

0.0874 

1170.6101 

4.7765 

443.0500 

20.6545 

7.3781 

0.0902 

1161.4199 

4.8545 

422,0000 

19.8974 

6.9714 

0.0930 

1153.1101 

4.9288 

398.7700 

19,1071 

6,3000 

Section  6 

0.0670 

986.7600 

3.3116 

181.9000 

93.6689 

-0,2229 

1026.0000 

3.3135 

202.5600 

96,5749 

2.2674 

0.0736 

1058,2900 

3.3181 

215.8800 

96.3651 

3,7590 

0,0765 

1083.3000 

3.3240 

226.1700 

95.2952 

4.6451 

0.0792 

1099.3301 

3.3304 

233.9600 

93.6229 

4,9353 

0.0819 

1105.8799 

3.3365 

239,8300 

91,5398 

4,5179 

0.0843 

1104,8799 

3.3419 

244,4100 

89.2388 

2.9124 

0.0866 

1098.3601 

3.3461 

248.5300 

86.8217 

0.0 

0.0889 

1087.5901 

3.3491 

252,7100 

84.3815 

0.0 

0,0910 

1076,0701 

3.3509 

257.0100 

82,0740 

0.0 

0.0930 

1065,9900 

3.3516 

261,6001 

79.9974 

TABLE  4.3  .VI 


Comparison  of  Averaging  Methods  (Turbine,  Figure  4.3.6) 
(7  =  1.3074  =  const) 


Section 

V 

(m/s) 

h 

(kj/kg) 

Ps 

(bar) 

Pt 

(bar) 

Ts 

(K) 

Tt 

(K) 

a 

(degr.) 

7?is 

(-) 

Dzung-method 

1 

126.94 

m 

11.762 

12.000 

1397.1 

1403.7 

90.00 

2 

509.97 

IWwSw 

8.286 

11.590 

1297.3 

1403.8 

19.56 

3 

222.36 

6.130 

6.574 

1220.9 

1241.2 

102.14 

0.8848 

4 

186.08 

1498.2 

6.259 

6.572 

1226.9 

1241.1 

104.26 

5 

471.54 

1404.4 

4.556 

6.300 

1150.8 

1241.1 

22.60 

6 

231.79 

1316.0 

3.337 

3.636 

1077.7 

1099.7 

89.47 

“Entropy  Weighted” 

1 

126.91 

1706.1 

12.029 

1397.1 

1403.7 

90.00 

Mean  values 

2 

515.85 

1581.1 

8.271 

11.664 

1294.8 

1403.8 

19.53 

3 

223.39 

6.142 

6.591 

1220.7 

1241.2 

102.04 

0.8857 

4 

192.12 

11111 

6.257 

6.597 

1226.0 

1241.1 

104.15 

5 

484.51 

IRE 

4.514 

6.361 

1145.0 

1241.1 

22.69 

6 

235.33 

EH 

3.650 

1077.9 

1099.7 

89.67 

Pianko  method 

1 

127 

1706.4 

11.7645 

12.000 

1398.0 

1404.6 

6  * 

232.7 

1315.6 

3.3411 

3.643 

1077.8 

1100 

0.8872 

6  ** 

233 

1315.5 

3.3370 

1077.7 

1100 

0.8867 

g  *** 

232.9 

1315.6 

3.3389 

3.641 

1077.8 

1100 

0.8868 

Area  weighted 

1 

12.000 

1402.0 

6 

3.638 

1097.4 

0.8880 

Mass  weighted 

1 

■» 

1403.7 

6 

H 

1099.7 

0.8861 

*  Section  6  considered  as  inlet  of  a  turbine 

**  Section  6  considered  as  inlet  of  a  reheat  channel 

***  Section  6  considered  as  inlet  of  a  nozzle 
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within  the  diffusor  between  section  3  and  4  the  different  results  are 


cp(DZUNG)  ~  29.7% 

and 

cp(EW)  =  26.3%  . 

The  differences  in  mean  enthalpies  and  in  efficiency  are  negligible. 


Some  radial  distributions  and  the  corresponding  mean  values  for  section  2  and  3  are  shown  in  Figures  4.3.7—12. 


Fig.4.3.7  Section  2,  velocity 


Fig.4.3.8  Section  2,  total  pressure 


Fig. 4. 3. 9  Section  2,  static  temperature 


70  75  80  mm  85 


r 


Fig.4.3.10  Section  2,  static  pressure 
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Fig.4.3.1 1  Section  3,  velocity 


Fig.4.3.12  Section  3,  total  pressure 
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4.4  ENGINE  SYSTEM  ANALYSIS 

Notations 

The  notations  used  in  paragraph  4.4  are  identical  with  those  in  paragraph  3.2.  In  addition,  the  symbol  h*  is  used. 

h 

h*  =  - 
R 


4.4.1  General 

4. 4. 1.1  Introduction 

In  the  section  below,  an  example  is  given  of  an  engine  to  which  the  Pianko  method  described  in  paragraph  3.2  is 
applied.  The  engine  is  a  turbojet  (see  figure  below)  consisting  of  the  following  components:  a  co ip  pressor,  a  eombustor, 
a  turbine,  a  mixer-diffuser,  a  reheat  duct  and  an  exhaust  nozzle. 


Compressor  Turbine 

Combust or  Mixer- 

diffuser 


Reheat 

channel 


Mozzle 


The  calculations  will  be  carried  out  in  the  planes  (1),  (2),  (3),  (4),  (5)  and  (6)  where  the  aerothermodynamic  data  of 
the  heterogeneous  flow  are  known.  The  total  area  is  divided  into  a  number  of  elementary  areas  AA  at  the  centre  of 
which  the  total  pressure  Pt  ,  the  total  temperature  Tt  ,  the  static  pressure  Ps  ,  the  angle  formed  by  the  velocity  V 
with  the  normal  to  the  section  plane,  and  the  fuel/air  ratio  (FAR)  are  known. 

The  various  sections  (1)  to  (6)  will  be  designated  as: 

(1)  Compressor  inlet 

(2)  Combustor  inlet 

(3)  Turbine  inlet 

(4)  Mixer-Diffuser  inlet 

(5)  Reheat  duct  inlet 

(6)  Exhaust  nozzle  inlet. 

In  each  of  these  sections,  the  average  total  temperature  and  the  average  total  pressure  will  be  calculated  by  the 
Pianko  method  explained  in  paragraph  3.2.  For  comparison  purposes,  the  results  obtained  with  Dzung’s  method 
(applied  systematically  with  y  =  const  =  1 .4)  will  also  be  given. 

4. 4. 1.2  Data 

The  data  in  the  various  sections  are  summed  up  in  the  following  tables. 

Important  note:  The  reader  will  notice  that,  in  all  the  sections  considered,  the  static  pressure  is  constant  and  the 
flow  normal  to  the  section.  This  assumption,  which  is  by  no  means  compulsory,  has  been  chosen  only  with  a  view  to 
simplifying  calculations. 
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Section  1 


AA 

m2 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

Pt 

bar 

0.9 

0.92 

0.94 

0.97 

0.98 

0.99 

1 

1 

1 

1 

Tt 

K 

290 

290 

290 

290 

290 

290 

290 

290 

290 

290 

Ps 

bar 

0.757 

0.757 

0.757 

0.757 

0.757 

0.757 

0.757 

0.757 

0.757 

0.757 

angle 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

FAR 

0 

0 

0 

0 

Section  2 


AA 

mm2 

8824 

9841 

10840 

12470 

13330 

14330 

14330 

14330 

14330 

Pt 

bar 

18.079 

17.768 

17.113 

16.943 

16.771 

16.771 

16.771 

16.771 

Tt 

K 

780 

770 

750 

745 

740 

740 

740 

740 

Ps 

bar 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

angle 

0 

0 

0 

0 

0 

0 

0 

0 

FAR 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Section  3 


AA 

mm2 

10290 

11860 

13430 

15250 

17800 

20250 

20480 

20730 

21010 

Pt 

bar 

17.1 

16.8 

11 

15.6 

Tt 

K 

1350 

1400 

1600 

1550 

1500 

Ps 

bar 

mm 

14 

14 

D 

D 

14 

angle 

0 

0 

0 

FAR 

0.0229 

0.0229 

Section  4 


AA 

mm2 

lllllll 

79362 

59213 

59107 

68330 

Pt 

bar 

jQII^I 

3.408 

3.552 

3.765 

3.965 

4.032 

3.801 

Tt 

K 

892 

931 

1229 

1238 

1 134 

Ps 

bar 

3.312 

3.312 

3.312 

3.312 

3.312 

angle 

a 

0 

0 

0 

0 

FAR 

0.0229 

0.0229 

0.0229 

0.0229 

0.0229 

0.0229 

0.0229 

0.0229 

0.0229 
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Section  5 


AA 

mm2 

95240 

95240 

95240 

95240 

95240 

95240 

95240 

95240 

95240 

95240 

pt 

bar 

3.6014 

3.6235 

3.7274 

3.8219 

3.9374 

3.9374 

3.9269 

3.7694 

3.7169 

3.7169 

Tt 

K 

1000 

1050 

1100 

1150 

1200 

1250 

1200 

1140 

1100 

1080 

ps 

bar 

3.5552 

3.5552 

3.5552 

3.5552 

3.5552 

3.5552 

3.5552 

3.5552 

3.5552 

3.5552 

angle 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

FAR 

0.0229 

0.0229 

0.0229 

0.0229 

0.0229 

0.0229 

0.0229 

0.0229 

0.0229 

0.0229 

Section  6 


AA 

mm2 

50000 

60000 

— 

85000 

100000 

100000 

100000 

100000 

100000 

100000 

100000 

pt 

bar 

3.280 

3.285 

3.376 

3.422 

3.642 

3.631 

3.621 

3.421 

3.346 

3.409 

Tt 

K 

1750 

1800 

1850 

1900 

1950 

2000 

1950 

1890 

1850 

1830 

ps 

bar 

2.9 

2.9 

2.9 

2.9 

2.9 

2.9 

2.9 

2.9 

2.9 

2.9 

angle 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

FAR 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

4.4. 1.3  Calculation  method 

In  the  general  case,  calculations  are  made  with  7  and  Cp  being  variables.  For  this  purpose,  the  integrals  are 
assumed  to  be  known 

h(T)  1  r 

h*(T)  =  —  =  -  JCp(T)dT 

and  j  (T) 

$(T)  =  -  -2 - dT 

R  J  T 

as  functions  of  the  temperature  and  fuel/air  ratio.  It  is  also  admitted  that  the  functions  can  be  inverted,  that  is  to  say 
that  knowing  the  fuel/air  ratio  and  one  of  the  values  h*  or  $  enables  us  to  know  the  temperature. 

In  an  elementary  section  AA  ,  where  the  fuel/air  ratio  and  the  total  temperature  are  known,  we  calculate 

1  fTt  Cd(T)  dT 

*t  =  *(Tt)  =  -J 

and  h(Tt)  1  fTt 

h*t=-^=iJ  Cp  (T)  dT  . 

As  the  total  pressure  Pt  is  known,  the  specific  entropy  can  be  calculated 
s  =  R[$t-InPt]  . 

Then,  we  can  calculate  the  static  temperature  Ts  by  means  of  the  function  $s  =  <F(TS)  by  writing  that  the 
entropy  calculated  with  the  total  values  (Pt,  Tt)  is  equal  to  the  entropy  calculated  with  the  static  values  (Ps,  Ts), 

that  is: 

$s-lllPs  =  $t-lnPt  • 
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Therefore :  p 

$s  =  4>(TS)  =  <F(Tt)-ln^ 

”s 

Knowing  3>(TS) ,  we  can  calculate  Ts  ,  then  the  static  enthalpy  hs  =  h(Ts)=  [Rx  h*(Ts)]  .  The  velocity  V  is 
then  calculated  by 


V  =  y  2[h(Tt)-h(Ts) 

If  we  take  into  account  the  state  equation  Ps/p  =  RTS  ,  the  mass  flow  running  through  the  section  AA  is 

P.xVx  AA 

dm  =  — - . 

RTS 

Note:  When  y  may  be  regarded  as  constant,  the  calculations  are  necessarily  simpler. 


4.4.2  Compressor  Met  (section  (1)) 


4. 4. 2.1  Calculations 


The  section  (1)  is  located  upstream  of  the  compressor.  The  method  used  to  calculate  the  homogeneous  equivalent 
flow  which  will  yield  the  total  pressure  (and  the  total  temperature)  is  that  described  in  paragraph  3.2.2.  However,  as 
the  temperature  in  this  section  is  homogeneous,  it  seems  quite  justifiable  to  carry  out  the  calculation  with  y  =  const . 
In  this  case,  we  have  (Cf  3.2. 7. 2) 


Tt 


/ Tt  dih 
m 


290  K 


and 


Pt  = 


m 


/, 


dm 


p{(7-l)/7 


7 

7 — 1 


The  table  below  shows  the  various  calculation  steps. 


AA  m2 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

Pt 

Pa 

0.9 
x  10s 

0.92 
x  10s 

0.94 
x  10s 

0.97 

x  105 

_ 

0.98 
x  10s 

0.99 
x  105 

10s 

10s 

10s 

105 

Tt  K 

290 

Ps 

Pa 

0.757  x  105 

dm  kg/s 

16.019 

17.087 

18.088 

19.487 

19.930 

20.363 

20.786 

20.786 

20.786 

20.786 

dm 

pt7_l/7 

0.6154 

0.6523 

0.6863 

0.7327 

0.7472 

0.7612 

0.7748 

0.7748 

0.7748 

0.7748 

From  this  table,  we  derive 

m  =  2  dm  =  194.1  kg/s 


and 


I 


dm 

Pt(7-l)/7 


7.2944 


Pt 


194.1 

7.2944 


1.4/0. 4 

=  97220  Pa 
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Therefore,  the  average  values  in  the  section  (1)  are: 

Tt  =  290  K 
Pt  =  0.9722  bar 


4.4. 2. 2  Influence  of  the  compressor  pressure  ratio  on  the  calculated  total  average  pressure 

The  total  pressure  Pt  =  0.97220,  as  calculated  above,  is  independent  of  the  compressor  pressure  ratio,  as  it  results 
from  a  calculation  where  y  is  assumed  to  be  constant. 

4. 4.2. 3  Calculation  with  the  Dzung  method 
The  results  are: 


Tt  =  290  K 
Pt  =  0.9709  bar 


4.4.3  Combustor  Inlet  (section  (2)) 

4. 4. 3.1  Calculations 

The  section  (2)  is  located  upstream  of  the  combustor.  The  method  used  to  calculate  the  average  values  is  that 
described  in  paragraph  3.2.4.  Since  the  static  pressure  in  the  section  (2)  is  uniform  (and  equal  to  15.3  bars),  this  value 
will  be  chosen  for  the  static  pressure  of  the  homogeneous  flow 

Ps  =  15.3  bar 

Note:  If  the  static  pressure  were  not  uniform,  the  value  chosen  for  Ps  would  have  been 


Ps 


Ps(7-l)/7  dih 


Wy-l) 


f  dm 
JA2 


according  to  the  formula  recommended  in  paragraph  3. 2. 4. 5. 


The  calculations  are  shown  in  the  following  table. (page  137  opposite). 


We  infer  from  this  table  that: 


rh  =  2  dm  =  192.9  kg/s 


h*  =-^  = 
4  R 


2  htdih 
2  dm 


518434 

192.9 


=  2687.6 


2  hudrii  501382 

- 5 -  =  -  =  2599.2 

2  dm  192.9 


The  following  temperatures  correspond  to  the  values  of  h*  =  2687.6  and  h*  =  2599.2 


Tt  =  754  K 

and 

Ts  =  730.7 

<3?*  =  $(754)  =  23.255  corresponds  to  Tt  =  754 
$s  =  $(730.7)  =  23.135  corresponds  to  Ts  =  730.7. 


and 


SECTION  2 

Table  of  Calculations  for  Combustor  Inlet 


AA 

m2 

0.0079178 

0.008824 

0.009841 

0.01084 

0.01246 

0.01333 

0.014326 

0.014326 

0.014326 

0.014326 

Pt 

bar 

18.377 

18.079 

17.768 

17.627 

17.113 

16.943 

16.771 

16.771 

16.771 

16.771 

Tt 

K 

790 

780 

770 

760 

750 

745 

740 

740 

740 

740 

bar 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

V 

m/s 

283.70 

253.5 

245.2 

217.09 

206.64 

195.5 

195.5 

195.5 

dm 

kg/s 

16.965 

17.966 

19.353 

19.802 

20.246 

20.671 

20.671 

20.671 

.* 

ht 

2786 

2748.0 

2710 

2672.1 

2653 

2634 

2634 

i* 

2659.7 

2636 

2605.7 

2590 

2597 

2567.7 

2567.7 

h*  x  dm 

44904 

47260 

49370 

52450 

52910 

54455 

h*  x  dm 

42674 

45120 

47360 

50420 

51290 

52210 

53077 

53077 

53077 

53077 
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Applying  the  method  described  in  paragraph  3.2  (3. 2.4.6),  we  calculate. 

Pt  =  15.3  exp  [23.255  -  23.135] 

Pt  =  17.251  bar. 

The  total  average  values  in  the  section  (2)  are  therefore 


Tt  =  754  K 
Pt  =  17.251  bar 


4. 4. 3.2  Influence  of  downstream  conditions  on  the  calculated  total  average  pressure 

The  total  pressure  Pt  =  17.251,  as  calculated  above,  is  independent  of  any  physical  process  taking  place  down¬ 
stream  of  the  plane  2.  It  is  an  intrinsic  value  which  depends  only  on  upstream  combustor  data. 


4.4. 3. 3  Calculation  with  the  Dzung  method 
The  results  obtained  are: 


Tt  =  754  K 
Pt  =  17.210  bar 


4.4.4  Turbine  Inlet  (section  (3)) 

4.4.4. 1  Calculations 

The  section  (3)  is  located  upstream  of  the  turbine.  The  method  used  to  calculate  the  average  values  is  that  des¬ 
cribed  in  paragraph  3.2.3.  The  calculations  will  be  carried  out  with  7  function  of  the  temperature.  The  values  of  the 
functions  h  (T)  and  $(T)  are  taken  for  the  value  of  FAR  =  0.0299.  To  apply  the  method  described  in  paragraph 
3.2.3,  we  must  know  the  total  pressure  Pte  at  the  turbine  exit,  that  is  to  say  the  total  pressure  in  the  plane  4,  which 
is  presently  unknown. 

In  carrying  out  the  calculations,  we  shall  assume  that  there  is  in  the  turbine  an  isentropic  expansion  down  to 
Pte  =  4  bars  .  As  we  shall  see  in  paragraph  4.4.4. 2  the  influence  of  Pte  on  the  value  of  the  total  pressure  Pt  calculated 
in  the  plane  3  is  very  small. 

The  steps  of  the  calculations  are  shown  on  the  table  opposite. 

From  the  table  we  derive 


m  =  2  dm  =  198.8  kg/s 


2htdih  1189800 

h*  = - 1 - •  =  - -  =  5984.9 

2  dm  198.8 


2  ht*  dth  _  826800 
2  dm  ~  198.8 


4158.9 


the  following  temperatures  correspond  to  the  above  values  of  h*  and  h*e  : 

Tt  =  1525  K 
and 

Tte  =  1102K  . 

With  these  temperatures,  we  calculate 


4>t  =  $(1525)  =  26.4706 


SECTION  3 

Table  of  Calculations  for  Turbine  Inlet 


AA 

m2 

0.01029 

0.01186 

0.01343 

0.01525 

0.01780 

0.01964 

0.02025 

0.02048 

0.02073 

0.02101 

Pt 

bar 

■  17.5 

17.1 

16.8 

16.7 

16.2 

16.0 

15.9 

15.8 

15.7 

15.6 

Tt 

K 

1300 

1350 

1400 

1500 

1600 

1700 

1650 

1600 

1550 

1500 

Ps 

bar 

14 

14 

14 

14 

14 

14 

14 

14 

14 

14 

FAR 

0.0229 

0.0229 

0.0229 

0.0229 

0.0229 

0.0229 

0.0229 

0.0229 

drii 

kg/s 

16.378 

17.474 

18.502 

19.956 

20.427 

20.884 

21.308 

21.305 

21.296 

21.288 

*(Tt) 

25.775 

25.938 

26.096 

26.398 

26.949 

26.817 

26.681 

26.541 

26.398 

*(Tte) 

24.299 

24.485 

24.661 

24.968 

25.562 

25.307 

25.173 

25.037 

Tte 

K 

915.7 

958 

999.6 

1076 

1237 

1165 

1129 

1094 

In* 

ht 

5002 

5218 

5436 

5874 

6760 

6316 

6094 

5874 

r* 

hte 

3386.7 

3560 

3730.6 

4048 

4397 

4732 

4579 

4426 

4273 

4122 

* 

ht  x  dm 

81933 

91179 

100577 

117221 

129017 

141176 

139311 

134562 

129778 

125045 

h^e  x  dm 

55474 

62207 

69023 

80782 

89817 

98823 

97569 

94296 

90998 

87749 
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and 

<f>te  =  $(1102)  =  25.0708  . 

From  this,  we  derive  Pt  by 

Pt  =  Pte  exp[26.4706- 25.0708], 

With  Pte  =  4  bar  ,  we  obtain 

Pt  =  16.217  bar. 

Therefore,  the  total  average  values  in  the  section  3  are 


Tt  =  1525  K 
Pt  =  16.217  bar 


4.4. 4. 2  Influence  of  downstream  conditions  on  the  calculated  total  average  pressure 

The  value  Pt  =  16.217  bars  calculated  above  is  not  an  intrinsic  value.  It  depends  on  the  value  of  the  total  pressure 
Pte  ,  that  is  to  say  the  total  average  pressure  at  the  turbine  exit.  In  the  above  calculation,  we  have  taken  Pte  =  4  bar  . 

In  fact,  the  value  of  Pt  which  will  be  calculated  below  in  the  plane  4,  will  be  3.88  bar.  The  table  below  enables  us  to 
quantify  the  influence  of  Pte  on  the  value  of  Pt  calculated  upstream  of  the  turbine. 


pte  bar 

2 

3.6 

4 

10 

Pt  bar 

16.213 

16.217 

16.217 

Divergence/ 
calculation 
with  Pte  =  3.88 

-0.03% 

0 

0 

+0.02% 

We  note  that  the  fact  of  having  taken  4  bar  (instead  of  3.88)  for  Pte  leads  to  no  error  on  Pt  calculated  with  3 
decimals.  Even  if  we  had  chosen  for  Pte  values  as  extreme  as  2  bar  or  10  bar,  the  errors  concerning  Pt  would  be 
below  0.03%,  that  is  to  say  quite  negligible.  Therefore,  we  can  conclude  that  the  proposed  method  leads  us  to  calculate 
a  virtually  intrinsic  value  upstream  of  the  turbine. 

4. 4.4. 3  Calculation  based  on  the  Dzung  method 
The  results  obtained  are: 


Tt  =  1524.2  K 
Pt  =  16.210  bar 


4.4.5  Mixer-Diffuser  Inlet  (section  (4)) 

4.4.5. 1  Calculations 

The  section  (4)  is  located  upstream  of  the  mixer-diffuser.  In  this  case,  as  explained  in  paragraph  3.2.6,  there  are 
several  possible  options.  For  instance,  we  can  deal  with  the  section  (4)  as  we  would  with  a  turbine  inlet  or  with  a  reheat 
duct  inlet.  However,  the  velocities  in  the  section  4  are  too  high  to  give  a  realistic  representation  of  a  reheat  duct  inlet. 
For  this  reason,  to  calculate  the  average  values,  we  shall  regard  the  section  4  as  in  the  upstream  turbine  plane.  The 
calculation  method  is  therefore  identical  with  that  described  in  the  previous  paragraph  4.4.4.  Here,  we  have  assumed 
that  the  total  pressure  at  the  hypothetic  turbine  exit  is  2  bar. 

The  following  table  provides  the  steps  of  the  calculation,  the  results  of  which  are 


Tt  =  1147.8  K 
Pt  =  3.883  bar 


SECTIC 

Table  of  Calculation  for 


0.104530 


3.408 


892 


3.312 


0.0229 


16.378 


24.1922 


23.6593 


781.2 


3290.9 


2849.21 


53898 


0.113922 


3.408 


931 


3.312 


0.0229 


17.474 


24.3673 


23.8343 


816.4 


3449.2 


2987.8 


60271 


0.079362 


3.552 


1002.5 


3.312 


0.0229 


18.502 


24.6731 


24.0987 


871.7 


3742.8 


3209.2 


69249 


0.065977 


3.765 


1116 


3.312 


0.0229 


19.956 


25.1231 


24.4905 


959.34 


4216.6 


3564.9 


84146 


46664 


52209 


59377 


4 


Mixer-Diffuser  Inlet 


0.059213 

0.051137 

0.056753 

0.059107 

0.058005 

0.068327 

4.128 

3.801 

1229 

1336 

1289 

1238 

1185.5 

1134 

3.312 

3.312 

3.312 

3.312 

3.312 

0.0229 

0.0229 

0.0229 

0.0229 

0.0229 

20.427 

20.884 

21.308 

21.305 

21.295 

21.288 

25.5339 

25.7388 

25.5652 

25.3798 

25.1909 

24.8495 

25.0142 

24.8641 

24.6797 

24.5487 

1046 

1087.7 

1049.5 

1004.2 

973 

4696.7 

5157.6 

4954.4 

4735.2 

4510.9 

4292.6 

3922.4 

4217.0 

4097.1 

3937.5 

3749.3 

3620.7 

95935 

107710 

105568 

100883 

96064 

91380 

80119 

88068 

87301 

83888 

79845 

77077 

142 


4.4. 5. 2  Influence  of  downstream  conditions  on  the  calculated  total  average  pressure 

As  stated  in  paragraph  4.4.4. 2,  the  influence  of  the  expansion  rate  of  the  turbine  on  the  total  average  pressure 
calculated  upstream  of  the  turbine  is  quite  negligible.  However,  the  flow  given  in  the  section  4  located  downstream 
of  the  turbine  would  be  identical  if  there  were  an  exhaust  nozzle  downstream  of  this  section.  In  other  words,  we  can 
calculate  the  section  4  as  a  section  upstream  of  an  exhaust  nozzle.  In  this  case,  dealing  with  the  case  of  an  adapted 
convergent-divergent  nozzle,  we  would  have  found: 

Pt  =  3.835  bar 

that  is  a  value  different  by  —1.2%  from  the  value  found  previously. 

4.4. 5. 3  Calculation  with  the  Dzung  method 
The  results  obtained  are: 


4.4.6  Reheat  Duct  Inlet  (section  (5)) 

4. 4. 6.1  Calculations 

The  outlet  of  the  mixer  in  the  section  (5)  is  upstream  of  the  reheat  channel.  The  calculation  method  is  described 
in  paragraph  3.2.5. 

The  phases  of  the  calculation  are  shown  in  the  table  opposite. 

From  this  table  of  calculations,  we  derive 

m  =  E  dm  =  198.8  kg/s 

*  h,  Shfxdm  864065 

h*  =  —  =  - i -  =  - -  =  4344 

R  2  dm  198.8 

J  =  2  PSAA  +  2  Vdm  =  338600+  41052  =  379652. 

As  A  =  0.9524  m2  ,  J/A  =  398626  . 

Therefore,  the  three  equations  to  be  solved  are: 

pV  =  208.73 

h*  =  h*  +  —  =  4344 
1  s  2R 

P's  +  P V  =  398626  . 

The  solution  is 

Ps  =  359198  Pa 
p  =  1.1077 
V  =  191  m/s 
Ts  =  1131 K 
Tt  =  1 146.2  K 

4>s  =  25.1806  corresponds  to  Ts  =  1131  K 
4>t  =  25.2363  corresponds  to  Tt  =  1 146.2  K. 


SECTION  5 


Table  of  Calculations  for  Reheat  Channel  Inlet 


AA 

m3 

0.09524 

0.09524 

0.09524 

0.09524 

0.09524 

0.09524 

0.09524 

0.09524 

0.09524 

0.09524 

Pt 

Pa 

3.6014 

3.6235 

3.7274 

3.8219 

3.9374 

3.9374 

3.9269 

3.7694 

3.7169 

3.7169 

Tt 

K 

1000 

1050 

1100 

1150 

1200 

_ ... 

1250 

1200 

1140 

1100 

1080 

Ps 

Pa 

3.5552  x  10s 

dm 

kg/s 

10.417 

12.036 

18.647 

22.663 

26.515 

25.991 

26.154 

20.419 

18.074 

18.237 

V 

m/s 

85.749 

106.64 

171.951 

217.21 

268.9 

259.88 

194.64 

166.77 

165.21 

.  * 
ht 

3732.4 

3939.9 

4360.2 

4572.7 

4786.7 

4572.7 

4317.9 

V 

Ps  - 

RTS 

106.541 

126.37 

195.81 

237.92 

278.39 

272.88 

274.61 

214.39 

189.77 

191.48 

PSAA 

33860 

V  x  dm 

870.1 

1283.5 

3206.5 

4922.9 

6981.8 

6989 

6797 

3974.5 

3014.3 

3013.1 

jf; 

ht  x  dm 

37874 

47421 

77376 

98820 

121249 

124415 

119598 

88172 

74995 

74142 

,  * 
hs 

3719.6 

3920 

4097.8 

4278 

4451.9 

4660.7 

4455 

4252 

4100.8 

4017.8 

T 

As 

K 

996.9 

1045.3 

1087.8 

1130 

1171.57 

1220.5 

1172.3 

1124.5 

1088.6 

1068.7 
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Then  we  calculate  Pt  by 

Pt  =  Ps  exp[$t  -$s]. 

With  Ps  =  3.59198  bar  ,  we  find 

Pt  =  3.798  bar. 

Therefore,  the  total  average  values  in  the  section  5  are: 


Tt  =  1 146.2  K 
Pt  =  3.798  bar 


4.4. 6.2  Influence  of  downstream  conditions  on  the  calculated  total  average  pressure 

We  can  assume  that  the  reheat  channel  does  not  exist  and  that  the  plane  6  is  upstream  of  an  exhaust  nozzle.  The 
calculation  of  the  section  6  as  an  exhaust  nozzle  inlet  would  lead  to: 

Pt  =  3.803  bars 

that  is  to  say,  higher  by  approximately  0.1%. 


4. 4. 6. 3  Calculation  with  the  Dzung  method 


The  results  obtained  are: 

Tt  =  1 146  K 
Pt  =  3.794  bar 


Note:  The  Pianko  method  applied  above  to  paragraph  4.4.6. 1  is,  in  principle,  identical  with  the  Dzung  method. 
The  divergences  noted  (0.2  K  as  regards  the  temperature  and  0.1%  as  regards  the  total  pressure)  result  from  the  fact  that 
the  calculation  in  paragraph  4.4.6. 1  has  been  carried  out  with  7  variable,  and  the  calculation  by  the  Dzung  method 
with  7  constant  and  equal  to  1.4. 


4.4.7  Exhaust  Nozzle  Inlet  (section  (6)) 

4. 4. 7. 1  Calculations 

The  section  6  is  located  upstream  of  the  exhaust  nozzle.  The  method  used  to  calculate  the  average  values  is  that 
described  in  paragraph  3.2.2.  The  calculations  will  be  carried  out  with  7  variable.  The  functions  h  (T)  and  4>(T) 
are  calculated  for  FAR  =  0.5  .  In  order  to  apply  the  method  described  in  paragraph  3.2.2,  we  have  to  know  the  ambient 
pressure  and  the  static  pressure  in  the  exhaust  plane  of  the  nozzle.  For  the  purpose  of  the  calculation,  we  have  chosen 
here: 


P0  -  1  bar 
Pse  =  1.856  bar. 

The  phases  of  the  calculation  are  shown  in  the  table  opposite. 

From  this  table  we  derive: 

rh  =  2  dm  =  204.5  kg/s 

*  ht  2  ht*  dm  1621260 

ht  =  —  =  - 1 -  =  -  =  7927.9 

R  2  dm  204.5 

F  =  2  AF  =  224049  N 


that  is  F/m  =  1095.6  m/s  . 


SECTION  6 


Table  of  Calculations  for  Nozzle  Inlet 


AA 

m2 

0.04715 

0.05658 

0.080155 

0.0943 

0.0943 

0.0943 

0.0943 

0.08487 

0.080155 

0.07544 

Pt 

bar 

3.4782 

3.4835 

3.5800 

3.6288 

3.8621 

3.8504 

3.8398 

3.6278 

3.5482 

3.6150 

Tt 

K 

1750 

1800 

1850 

1900 

1950 

2000 

1950 

1890 

1850 

1830 

Ps 

bar 

3.0753 

3.0753 

3.0753 

3.0753 

3.0753 

3.0753 

3.0753 

3.0753 

3.0753 

3.0753 

4: 

h  (Tt) 

7236.7 

7472.2 

7708.5 

7945.3 

8182.8 

8420.8 

8182.8 

7898 

7708.5 

7613.9 

*(Tt) 

27.5336 

27.6653 

27.7937 

27.9189 

28.04115 

28.1605 

28.0411 

27.8941 

27.7937 

27.7427 

4>(TS) 

27.4104 

27.5406 

27.6417 

27.7533 

27.8133 

27.9357 

27.8190 

27.7288 

27.6506 

27.5809 

Ts 

K 

1790.7 

1833.9 

1857.5 

1906.5 

1860 

1824.3 

1794 

1767.6 

h*(Ts) 

7022.3 

7633.5 

7745 

7977.5 

7756 

7588.3 

7445 

7320.5 

$(Tse) 

26.9063 

27.0365 

27.1366 

27.2483 

27.3082 

27.4306 

27.3140 

27.238 

27.1455 

27.0759 

T 

Ase 

K 

1528.6 

1572.4 

1607.2 

1645.7 

1667 

1711.5 

1669.2 

1637 

1610.3 

1586 

h*(Tse) 

6203.4 

6406.3 

6566.1 

6749 

6849 

7057 

6858.5 

6708.4 

6580.6 

6468.7 

drh 

kg/s 

10.395 

12.38 

19.193 

23.306 

27.264 

26.732 

26.891 

21.011 

18.594 

18.762 

h*(Tt)  x  dm 

75232 

92524 

147950 

185178 

223098 

225106 

220046 

165943 

143336 

142856 

ve 

770.6 

782.8 

809.7 

828.7 

875.0 

884.7 

871.8 

826.3 

804.6 

810.7 

aa; 

m2 

0.0318 

0.03846 

0.05890 

0.07158 

0.08032 

0.07996 

0.07962 

0.06438 

0.05755 

0.05677 

AF 

N 

10732 

12983 

20582 

25440 

30731 

30494 

30259 

22872 

19887 

20069 
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The  three  equations  to  be  solved  are : 


F  (185600-  100000)  _ 

-  =  - - - +V.  =  1095.6 

m  peVe 


V2 

h*(ToP)  +  —  =  7927.9 
se  2R 


18560 

— —  =  RT. 
Pe 


Solving  these  equations,  we  find 


Tse  =  1637.3 

and 

Ve  =  836.3  m/s  . 

In  addition,  the  value  which  corresponds  to  ht  =  7927.9  is 
Tt  =  1895.7  K 

Tt  =  1895.7  K  gives  $t  =  27.9098 
Tse  =  1637.3  K  gives  $se  =  27.2243  . 

Then,  we  calculate: 

P(  —  Pse  expfT'f  4>se  ] 

that  is 

Pt  =  1.856  exp[27.9098  - 27.2243] 

Pt  =  3.4730  bar. 

Therefore,  the  total  average  values  in  the  section  6  are: 


Tt  =  1895.7  K 
Pt  =  3.6837  bar 


4. 4. 7. 2  Influence  of  downstream  conditions  on  the  calculated  total  average  pressure 

The  pressure  Pt  calculated  above  depends  on  the  ambient  pressure  and  on  the  value  of  the  assumed  static  pressure 
Pse  in  the  exhaust  plane.  In  the  three  cases  calculated: 


f  P0  =  1  bar 

P„  =  1  bar  1 

(Pse  =  1  bar 

Pse  =  1.856  bar  | 

P0  =  1  bar 


Pse  =  0.928  bar 


We  find  the  same  total  pressure  Pt  as  calculated  (with  three  decimals)  Pt  =  3.683  bar  .  Therefore,  the  divergences 
are  lower  than  0.01%  and  can  be  disregarded. 


K 

bar 


4.4. 7.3  Calculation  with  the  Dzung  method 
The  results  obtained  are: 
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4.4.8  Synthesis  and  application  of  results 

The  results  obtained  are  summed  up  in  the  following  table: 


Section 

1 

2 

3 

4 

5 

6 

Tt  K 

290 

754 

1525 

1147.8 

1146.2 

1895.7 

Pt  bar 

0.97221 

17.251 

16.217 

3.883 

3.798 

3.683 

Tt  K 

290 

754 

1524.2 

1146.6 

1146 

1896 

Pt  bar 

0.9709 

17.210 

16.210 

3.809 

3.794 

3.678 

APt/Pt  between  Pianko  and  Dzung 
methods 

-0.1% 

-0.2% 

—0.04% 

-1.9% 

-0.1% 

-0.1% 

We  note  that  the  divergences  between  the  temperatures  calculated  according  to  the  two  methods  are  quite 
negligible . 

In  general,  the  total  pressures  calculated  according  to  the  two  methods  are  also  very  similar.  The  total  pressure  as 
calculated  by  the  Dzung  method  is  always  lower  than  that  calculated  by  the  Pianko  method.  Generally,  the  divergences 
are  of  the  order  of  0.1%,  except  in  the  section  4,  where  a  divergence  of  1.9%  appears.  This  results  from  the  fact  that 
the  Dzung  method  includes  mixing  losses.  The  latter  are  especially  high  because  the  heterogeneity  of  the  Mach  numbers 
is  high  in  section  4. 

Owing  to  the  values  of  the  above  table,  we  can  calculate  the  performance  of  the  engine  components.  We  obtain: 


Poly  tropic 
efficiency 
of  compressor 

Pressure 
loss  in 
combustor 

Polytropic 
efficiency 
of  turbine 

Pressure 
loss  in 

mixer-diffuser 

Pressure 
loss  in 

reheat  channel 

Pianko 

method 

0.843 

6% 

0.859 

2.18% 

3% 

Dzung 

method 

0.843 

5.8% 

0.848 

0.4  % 

3% 

The  divergences  between  the  two  methods  which  appear  above  regarding  the  turbine  and  the  mixer-diffuser  are 
relatively  high  and  lead  us  to  believe  that  a  more  thorough  analysis-comparison  would  be  advisable.  This  is  done  in  the 
following  paragraph. 


4.4.9  Comparison  between  Dzung  and  Pianko  Methods 
4.4.9. 1  General 

The  pressure  loss  difference  between  the  two  methods  in  the  mixer-diffuser  is  natural.  As  Dzung  method  ascribes 
the  mixing  losses  to  the  upstream  component,  it  logically  ensues  that  the  pressure  loss  between  sections  3  and  4, 
calculated  by  this  method,  is  lower  than  that  calculated  by  the  Pianko  method  which  ascribes  the  mixing  loss  to  the 
downstream  component. 

On  the  other  hand,  it  would  be  useful  to  analyse  in  more  detail  the  difference  between  the  turbine  efficiencies. 
For  this  purpose,  it  is  necessary  to  have  a  reference  efficiency  independent  of  any  averaging  method  and  giving  an 
overall  representation  of  the  turbine  qualities.  In  the  following  paragraphs,  we  shall  attempt  to  define  a  reference 
isentropic  efficiency  and  a  reference  polytropic  efficiency  which  can  be  used  as  criteria  to  compare  the  efficiencies 
obtained  with  any  method.  Such  an  efficiency  will  be  called  “reference  efficiency”. 

Finally,  in  order  that  the  comparison  may  not  be  erroneous  due  to  the  numerical  process,  all  the  calculations  will 
be  made  with  y  =  const  =  1 .3  . 


4. 4. 9. 2  Results 

The  table  overleaf  gives  the  results  of  the  calculations  for  both  methods : 
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Section  3 

Section  4 

Poly  tropic 
efficiency 

Isentropic 

efficiency 

Pt  bar 

16.2292 

3.8839 

0.8640 

0.8826 

Pianko 

Tt  K 

1524.35 

1146.20 

Pt  bar 

16.2104 

3.8090 

0.8531 

0.8732 

Dzung 

Tt  K 

1524.35 

1146.20 

4.4. 9. 3  Definition  and  calculation  of  the  "reference  efficiency” 

4.4. 9. 3.1  Isentropic  Efficiency 

When  the  flow  is  homogeneous  at  the  inlet  and  exit  of  a  turbine  engine,  the  definition  of  an  isentropic  efficiency 
is  trivial.  In  a  turbine,  the  isentropic  efficiency  is  defined  as  the  real  enthalpy  variation/ideal  enthalpy  variation  ratio: 


real 

ideal 


The  ideal  enthalpy  variation  is  that  which  corresponds  to  an  isentropic  expansion  from  the  state  at  the  turbine 
inlet  (Ptj,  Ttj)  down  to  the  total  pressure  Pte  at  the  turbine  exit.  If  we  assume  that  y  is  constant,  we  obtain: 


When  the  flow  is  heterogeneous  at  the  turbine  inlet  and  exit,  the  notion  of  isentropic  efficiency  can  be  extended  by 
assuming  that  the  turbine  is  composed  of  a  large  number  of  turbines  operating  in  parallel. 


This  amounts  to  figuring  out  that  the  various  streamlets  which  flow  through  the  turbine  can  be  individualized.  The 
ideal  enthalpy  variation  of  a  streamlet  which  can  be  individualized  in  this  way  is: 


^^ideal  ^ideal  *  dm  • 


That  is,  in  the  case  when  y  is  constant: 


AHldeat  =  Cp  Ttj  [l  -(-~)(7  1V7]  dm. 


Then,  the  “reference  isentropic”  efficiency  becomes  equal  to: 


r?x 


(Tti-Tte)* 


A  L  J 
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where  j  * 

Tti  =  —  Tti  dm 
mi  Ja; 

Tte  =  —  f  Tte  dm. 
me  ^Ae 

Remark.  The  concept  of  “reference  isentropic  efficiency”  which  is  explained  above  for  the  case  of  a  turbine  is 
also  applicable  to  the  case  of  a  compressor. 

It  is  evident  that,  during  tests  on  a  real  turbine  engine,  it  is  almost  impossible  to  individualize  the  various  stream¬ 
lets  by  measurements. 

However,  the  calculation  of  the  “reference  efficiency”  is  possible  in  certain  special  cases: 

(i)  When  the  flow  in  the  turbine  (or  compressor)  is  the  result  of  a  calculation. 

(ii)  When  the  total  temperature  and  the  total  pressure  are  uniform  at  the  inlet. 

(iii)  When  the  total  pressure  is  uniform  at  the  exit. 

In  the  present  Chapter  4.4  where  the  turbine  is  calculated,  the  various  streamlets  are  given  as  individualized;  it  is 
therefore  possible  to  calculate  the  reference  isentropic  efficiency. 

The  table  below  shows  the  details  of  the  calculations: 


Pti  bar 

— 

17.5 

17.1 

16.8 

16.7 

16.2 

16.0 

15.9 

15.8 

15.7 

15.6 

Tti  K 

1300 

1350 

1400 

1500 

1600 

1700 

1650 

1600 

1550 

1500 

Pte  bar 

3.408 

3.408 

3.552 

3.765 

3.965 

4.320 

4.128 

4.032 

4.028 

3.801 

dmi  kg/s 

18.486 

19.924 

20.377 

20.818 

4 -tir'1: 

408.8 

419.57 

421.9 

436.36 

443.7 

443.31 

441.26 

432.54 

417.62 

417.12 

irii 

6695.0 

7328.6 

7799 

8694.0 

9042.0 

9229.0 

9375.5 

9191.4 

8874.1 

8864.0 

From  this  table  we  derive: 

m  =  2  dm  =  198.4  kg/s 

2  Tti  p  J  dm  =  85092.6 


As  we  know,  in  addition,  that: 


and 


we  obtain: 


Tti  =  1524.35 
Tte  =  1146.2 

_  378.15  x  198.4 
77165  ~  85092.6 


77ref  -  0.8817  . 
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4.4. 9. 3. 2  Poly  tropic  efficiency 

When  the  flow  is  homogeneous  at  a  turbine  inlet  and  exit,  the  polytropic  efficiency  is  defined  by  the  following 
relation : 


where 


se 


—  0til  x  R 


0te  =  </’(Tte)  =  “ 


Cp  dT 
T 


0ti  =  0(Tti)  =  “ 


Cp  dT 
T 


When  the  flow  which  runs  through  a  turbine  is  heterogeneous,  an  average  polytropic  efficiency  called  “reference 
poly  tropic  efficiency”  can  be  defined  by  taking  the  integral  quantities.  The  reference  poly  tropic  efficiency  is  then 
defined  by : 

se  -  s;  =  (l - - - )  x  R  x  [/A  0te  drhe  -  f.<fiti  dm; 

'  rref '  L  e  1 

Remark:  The  same  generalization  can  be  applied  to  a  compressor  in  which  the  polytropic  efficiency  is  defined  by 

se  s;  —  (1  rref)  R  [0(e  . 

In  the  case  when  y  is  constant,  we  have: 

X  yl(y— i) 

s  =  R  x  In - 

Pt 

0(T)  =  In  1^/(7-!)  . 

The  reference  polytropic  efficiency  of  the  turbine  can  be  easily  calculated. 

We  obtain: 

rref  =  0.8709  . 


4.4.9. 4  Comparison  of  efficiencies 


Poly  tropic 

Isentropic 

Reference  efficiency 

0.8709 

0.8817 

Efficiency  obtained  by  the  Pianko  method 

0.8640 

0.8826 

Efficiency  obtained  by  the  Dzung  method 

0.8531 

0.8732 

We  note  that: 

(i)  The  differences  between  the  calculated  polytropic  efficiencies  and  the  reference  efficiency  are  greater  than 
those  between  the  calculated  isentropic  efficiencies  and  the  reference  efficiency. 

(ii)  The  efficiency  calculated  by  the  Pianko  method  is  closer  to  the  reference  efficiency. 
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Chapter  5 

CONCLUSIONS  AND  RECOMMENDATIONS 


5.1  CONCLUSIONS 

1.  No  uniform  flow  exists,  in  general,  which  simultaneously  matches  all  the  significant  stream  fluxes,  aerothermo- 
dynamic  and  geometric  parameters  of  a  non-uniform  flow. 

Among  the  following  parameters 

—  mass  flow  rate 

—  stagnation  enthalpy  flow  rate 

—  entropy  flow  rate 

—  kinetic  energy  flow  rate 

—  linear  momentum  flux 

—  stream  force  or  dynalpy 

—  static  pressure  (when  constant) 

—  area 

only  four  can  be  correctly  matched. 

If  the  flow  is  swirling  it  is  also  possible  to  match  its  angular  momentum. 

2.  Since  the  purpose  of  defining  an  equivalent  uniform  flow  is  to  represent  component  performance  in  a  thermo¬ 
dynamic  cycle  calculation,  mass  and  stagnation  enthalpy  flux  must  be  correctly  matched.  The  choice  of  the  two  other 
conditions  may  depend  on  the  use  which  will  be  made  of  the  average  so  derived. 

3.  The  study  has  therefore  concentrated  on  examining  a  variety  of  alternative  ways  of  averaging  stagnation  pressure 

—  area  weighting 

—  mass  weighting 

—  momentum-averaging  (identical  to  Dzung’s  method  for  non-swirling  flow) 

—  “entropy-weighting” 


and  a  new  method  proposed  by  Pianko. 

Of  these  methods,  the  first  two  have  no  theoretical  justification.  The  first  one  (area  weighting)  is  used  because  of 
its  simplicity.  The  other  methods  satisfy  theoretically  desired  requirements.  The  conditions  satisfied  by  the  Pianko 
method  depend  on  the  engine  component  considered. 

The  table  overleaf  shows  what  quantities  are  matched  by  the  studied  methods. 

4.  The  fundamental  difficulty  which  prevents  a  single  stagnation  pressure  being  correct  for  all  purposes  is  that  a 
non-uniform  flow  is  not  in  equilibrium  and  the  process  of  mixing  involves  a  loss  of  stagnation  pressure.  The  problem 
facing  the  user  is  whether  to  debit  this  probably  unavoidable,  but  not  yet  incurred,  loss  to  the  “average”  flow  or  not. 
The  momentum-averaging  (Dzung)  and  the  Pianko  method  for  components  other  than  a  reheat  ducts  inlet  debit  the 
full  mixing  loss  to  the  upstream  unit;  the  mass  weighting  and  Pianko  method  (for  other  component  than  reheat  duct)  do 
not.  The  “entropy-weighting”  method  effectively  assumes  that  mixing  can  occur  without  any  such  loss. 


5.  It  follows  that  in  representative  flow  conditions  of  a  gas  turbine  engine  (except  the  inlet  of  a  nozzle)  Dzung  average 


stagnatic 


i  pre 


ure  is,  usually  lower  than  the  mass  weighted  and  Pianko  averages  (which  are  often  very  close).  The 


entropy  weighted”  pressure  is  almost  the  same  as  the  mass-weighted  average  in  constant  stagnation  temperature  flow 


METHODS  WITH  THEORETICAL  JUSTIFICATION 

METHODS  WITHOUT 
THEORETICAL  JUSTIFICATION 

Method 

Momentum 

Averaging 

or 

Dzung 

'Entropy 
Weighting  ’’ 

Pianko  Method 

Mass 

Weighting 

Area 

Weighting 

Compressor  or 
Turbine  Inlet 

Combustor 

Inlet 

Reheat  Duct 
Inlet 

Exhaust  Nozzle 
Inlet 

-  Mass  flow 

—  Mass  flow 

-  Mass  flow 

—  Mass  flow 

—  Mass  flow 

—  Mass  flow 

y 

y 

"S 

-  Enthalpy 

—  Enthalpy 

—  Enthalpy 

—  Enthalpy 

—  Enthalpy 

—  Enthalpy 

Q 

3 

—  Dynalpy 

—  Entropy 

—  Stagnation 

—  Kinetic 

—  Dynalpy 

—  Ideal  thrust  in 

None* 

None 

■§ 

enthalpy  van- 

energy 

an  isentropic 

■§ 

—  Area 

—  Area 

ation  in  an 

—  Area 

expansion 

isentropic 

—  Static 

expansion  (or 

pressure 

compression) 

*  Mass  flow  may  be  considered  as  matched 
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but  unrealistically  high  when  large  non-uniformity  occurs  in  stagnation  temperature.  The  area-weighting  stagnation 
pressure  is  usually  the  lowest  value  and  has  no  theoretical  basis  but  is  very  easily  obtained  which  is  one  of  the  principal 
reasons  for  its  usage. 

If  the  stagnation  temperature  of  the  flow  is  uniform,  the  “entropy-weighting”  method  ensures  that  the  second 
law  of  thermodynamics  is  fulfilled.  Mass-weighting,  in  that  case,  contravenes  the  second  law.  This  effect  is  numerically 
small  at  Mach  numbers  commonly  found  at  inter-component  planes  within  a  gas  turbine,  but  can  be  very  significant  in 
supersonic  flows. 

6.  Thermodynamic  cycle  calculations  conducted  by  any  of  these  pressure  averaging  methods  will  give  the  correct 
final  result  (engine  performance),  provided  the  same  method  is  used  throughout  the  engine.  However,  the  various 
component  efficiencies  will  not  be  the  same.  Specifically,  Dzung’s  method  credits  the  component  which  first  intro¬ 
duces  non-uniformity  with  lower  efficiency  than  other  methods  (except  area  weighting). 

The  efficiency  of  other  components  will  be  little  affected.  The  component  which  restores  uniformity  will  be 
credited  with  a  higher  efficiency  (such  as  mixer-diffuser). 

7.  A  small  number  of  numerical  examples  using  practical  non-uniformities  characteristic  of  gas  turbine  components 
were  undertaken.  They  showed  that,  except  for  the  two-stream  nozzle  case,  the  numerical  differences  between  the 
various  “average”  total  pressures  are  quite  small.  Percentage  differences  referred  to  the  Pianko  mean*  are  summarized 
in  the  following  table.  Differences  in  numerical  integration  processes  or  in  specific  heat  assumptions  can  amount  to 
±0.1%. 


Mass 

Weighting 

Dzung 

Area 

Weighting 

Section  4.2  Compressor  Inlet 

0.1 

-1.3 

-1.8 

Outlet 

-0.2 

0.2 

-0.4 

Turbine  Inlet 

0 

0 

0 

Outlet 

0.1 

-0.1 

-0.1 

Section  4.4  Compressor  Inlet 

0.1 

-0.1 

-0.2 

Outlet 

-0.2 

-0.2 

-0.7 

Turbinet  Inlet 

0.4 

0 

-0.3 

Outlet 

-0.5 

-1.9 

-3.1 

Reheat  Inlet 

0.3 

-0.1 

-0.5 

Outlet 

0.1 

-0.1 

-0.2 

The  larger  figures  occurred  when  there  were  large  Mach  number  differences  across  the  section  (as  after  the  high-distor¬ 
tion  intake  in  the  Section  4.3  example  and  at  turbine  outlet  in  the  Section  4.4  example). 

The  Dzung  mean  total  pressure  was  usually  but  not  always  lower;  the  area  mean  total  pressure  was  always  the 
lowest. 

Although  the  differences  were  small,  they  were  sufficient  to  lead  to  significant  differences  in  component  efficiency 
figures  derived  from  them.  Again  using  Pianko’s  efficiency  as  the  datum  the  following  percentage  differences  were  found: 


Mass 

Weighting 

Dzung 

Area 

Weighting 

Section  4.3  Compressor** 

-0.2 

+1.0 

-1.3 

Turbine 

-0.1 

-0.2 

+0.1 

Section  4.4  Compressor 

-0.1 

0 

-0.2 

Turbine 

-0.5 

-1.1 

-1.5 

*  The  choice  of  the  Pianko  method  as  a  reference  for  comparison  does  not  mean  any  preference  for  application. 

**  With  uniform  inlet. 
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In  one  example  quoted  to  the  Working  Group,  a  difference  of  1  \%  in  compressor  efficiency  was  found. 

If  errors  of  this  order  are  acceptable,  the  simplest  method  (area  weighting)  may  be  used.  Also,  if  as  in  many  test 
rigs,  steps  have  been  taken  to  ensure  an  almost  uniform  inflow,  area  weighting  is  also,  obviously,  acceptable. 

As  has  been  pointed  out  in  paragraph  3,  the  Pianko  and  Dzung  methods  have  theoretical  justification  and  give 
different  answers  (in  some  cases  significantly  different)  for  the  reason  explained  in  paragraph  4.  The  justification  for 
using  mass-weighting  or  area-weighting  must  be  assessed  by  examining  how  far  they  differ  from  the  theoretically- 
justified  methods.  Mass-weighting  was  acceptably  close  to  the  Pianko  mean  in  most  of  the  examples  considered,  but 
area  weighting  showed  differences  many  test  centres  would  consider  unacceptable. 

The  two-stream  nozzle,  in  which  the  core  and  fan  flows  meet  before  the  final  nozzle,  is  a  special  case.  The  examples 
considered  showed  that  it  is  unrealistic  to  form  an  “average”  inlet  stagnation  pressure  (by  any  method)  across  the  two 
streams  taken  together  and  then  to  expect  the  nozzle  coefficients  to  agree  with  those  measured  under  uniform  inflow 
conditions.  Indeed  the  discharge  and  thrust  coefficients  cannot  in  general  be  simultaneously  matched.  In  the  example 
of  Section  4.2  differences  in  both  discharge  and  thrust  coefficient  of  ±  6.5%  were  found. 

This  results  from  the  impossibility  to  match  simultaneously 

—  the  mass  flux 

—  the  enthalpy 

—  the  exit  nozzle  area 

—  the  exit  static  pressure  (or  Mach  number) 

—  the  ideal  thrust. 

The  possibilities  to  agree  with  the  measured  nozzle  coefficient  would  be 

(i)  accept  not  to  match  one  of  the  above  parameters 

(ii)  accept  two  different  average  stagnation  pressures:  one  for  the  discharge  coefficient,  one  for  the  force 
coefficient. 

Future  work  on  averaging  methods  in  an  exhaust  nozzle  is  needed  to  explore  the  various  options. 

8.  When  only  the  stagnation  temperature  and  pressure  have  been  calculated  the  “average”  static  pressure  may  be 
derived  from  the  geometric  area  to  ensure  the  correct  mass  flow,  or  alternatively  when  the  average  static  pressure  is 
chosen,  an  effective  area  is  computed  to  fit  the  mass  flow. 

Some  of  the  averaging  methods  studied  include  either  a  choice  of  the  area  or  a  choice  of  the  static  pressure. 

9.  The  study  has  concentrated  almost  entirely  on  how  to  average  flows  which  are  assumed  to  be  accurately  measured 

in  practice,  although  this  is  rarely  so;  the  rakes  or  traverses  may  not  provide  detailed  information  on  wall  boundary  layers, 
and  often  record  stagnation  pressure  and  temperature  only,  leaving  static  pressure  to  be  interpolated  from  wall  measure¬ 
ments.  It  is  recognized  that  even  the  theoretically  best  averaging  method  cannot  lead  to  a  correct  result  if  the  input  data 
are  poor  due  to  incomplete  or  inaccurate  measurements.  In  some  circumstances  the  error  introduced  by  attempting  an 
averaging  method  using  poor  input  data  may  produce  a  result  no  more  reliable  than  simple  area  weighting. 

Using  independently  measured  mass  flow  (when  it  differs  from  that  derived  from  traverse  plane  measurements 
because  of  the  inaccuracies)  to  derive  average  pressure  are  also  considered,  and  a  new  correction  method  is  suggested 
(see  Section  4. 15). 

10.  The  study  has  illuminated  the  differences  between  the  various  averaging  methods  and  why  they  occur.  It  has  led  to 
a  single  recommendation  for  temperature  averaging  but  not  to  a  single  recommendation  for  pressure  averaging.  For 
pressure  averaging  the  individual  user  must  make  the  choice  best  suited  to  his  particular  application,  in  the  light  of  the 
findings  of  the  study. 


5.2  RECOMMENDATIONS 

1 .  Stream  stagnation  temperature  should  be  averaged  by  mass-weighting  stagnation  enthalpy.  In  many  practical  cases, 
mass-weighting  stagnation  temperature  will  be  adequate.  In  many  test  rigs,  where  stagnation  temperature  is  almost  uni¬ 
form,  area  averaging  of  probe  readings  is  acceptable. 

2.  Except  in  the  case  of  propelling  nozzles,  stream  stagnation  pressure  should  be  averaged  by  one  of  two  methods,  the 
Pianko  or  Dzung  methods.  The  choice  depends  on  where  the  user  wishes  to  debit  the  mixing  loss  implied  by  the  non¬ 
uniformity.  Pianko ’s  method  debits  it  to  the  components  downstream  of  the  traverse  plane  whereas  Dzung’s  method 
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debits  it  to  the  component  upstream  of  the  traverse  plane.  Mass-weighting  may  be  considered  an  acceptable  approxi¬ 
mation  to  Pianko’s  method  and  is  easier  to  specify.  Area-weighting  should  only  be  used  when  the  static  pressure  level 
and  distribution  cannot  be  reliably  estimated  and  when  the  Mach  number  is  small.  It  is  usually  closer  to  the  Dzung 
average  than  the  Pianko  average.  The  “entropy  weighting”  method  should  not  be  used  unless  the  stagnation  tempera¬ 
ture  of  the  flow  is  uniform. 

If  the  mixing  loss  will  not  necessarily  be  wholly  incurred  (as  in  a  system  which  is  designed  to  accept  the  non¬ 
uniformity)  and  the  stagnation  temperature  is  uniform,  then  “entropy  weighting”  gives  a  true  thermodynamic  upper 
bound  for  average  stagnation  pressure. 

3.  In  undertaking  an  engine  thermodynamic  cycle  calculation,  the  same  pressure  averaging  method  should  be  used  for 
all  components  used  to  construct  the  cycle. 

4.  More  work  is  needed  to  resolve  some  of  the  anomalies  noted  during  the  study,  in  particular  to  find  a  way  of 
characterizing  the  entropy  of  a  non-uniform  stream,  to  examine  by  systematic  examples  the  relationship  between 
efficiencies  derived  by  different  methods  and  to  find  effective  ways  of  using  the  extra  information  available  when  the 
total  mass  flow  is  separately  measured.  More  work  is  particularly  needed  to  evolve  a  satisfactory  way  of  dealing  with 
the  multiple  stream  nozzles. 
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